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 Abstract 
Modern advances in ultrasound imaging technology have led to the development of targeted 
microbubble contrast agents; micrometer sized encapsulated bubbles coated with binding agents. Their 
gas core gives them high echogenicity, scattering incident ultrasound and allowing them to oscillate to 
producing a detectible sound of their own. The binding agent allows them to be used for molecular 
imaging. The work in this thesis aims to provide a better understanding of the behaviour of microbubble 
contrast agents, but with a focus on their use as molecular imaging agents. 
The thesis starts with an introduction to microbubble contrast agents, stating their current clinical usage 
both as a normal contrast agent and for molecular imaging and highlighting their strengths and 
limitations. In the following chapter, the theory behind the modelling of microbubble motions is 
introduced, discussing modelling bubble oscillations using the Rayleigh-Plesset equation, and the 
translation of a bubble in an acoustic field through Bjerknes forces.  
The first piece of novel work to be presented in this thesis is in the form of a model for non-spherical 
oscillations in microbubble contrast agents, with the application of modelling the destruction of 
microbubble contrast agents. A Boussinesq-Scriven approach was taken, to adapt a pre-existing model 
for shell free bubbles by taking into account the viscoelastic effect of the shell. Results calculated using 
the developed model showed a significant difference in destruction threshold between the shelled and 
shell-free bubbles. 
The second piece of work focuses on the effects of an ultrasound field on adherent microbubbles 
including their detachment and deflation. Analysis of experimental results on targeted microbubbles 
adherent to a micro-tube with flow shows that the effects of ultrasound are significant even at relatively 
low acoustic pressure. As acoustic pressure is increased, the percentage of detached and/or deflated 
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microbubbles does also. Four forces are identified which could be responsible for detachment, namely, 
shear, primary and secondary Bjerknes, and oscillations and their relative significance is investigated. 
The results from this work are then used to make suggestions about the clinical imaging for targeted 
contrast agents.  
The final novel piece of work presented is a dual transducer arrangement as a potential method of 
increasing targeted microbubble binding efficiency through the creation of a simple one-dimensional 
acoustic manipulator, capable of being implemented in any clinical ultrasound scanner with a phased 
array. Simulations and experimental investigations were carried out on the system in order to 
demonstrate the feasibility of such an acoustic manipulator and to gain understanding of its 
practicalities.  
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1. Introduction 
1.1.  What is Medical Ultrasound? 
Medical ultrasound is a well-established imaging modality with a wide range of medical applications. An 
ultrasound image is built up by transmitting a high frequency sound wave (1MHz to 20MHz for medical 
applications) into a patient through a phased array of transducers. Each transducer then listens for 
reflections of the sound wave returning and an image is created based on the delays in the receiving 
time in each element of the transducer. 
Compared to the other main imaging modalities (MRI and x-ray), ultrasound gives better temporal 
information and at high frequencies can give better spatial information. Also, with techniques such as 
Doppler (Franklin et al., 1961) and elastography (Gao et al., 1996), ultrasound can provide functional 
data as well. Ultrasound also has the strength of being cheap, portable and is also considered the safest 
of the modalities (Shankar, 2010). However, it is not without its disadvantages. Firstly, there is always a 
trade off between penetration depth and resolution, a 
higher frequency gives a greater resolution due to its 
shorter wavelength while at the same time being 
attenuated to a larger degree. Secondly, the greater the 
scan depth, the lower the temporal resolution as it takes 
longer for the scattered signals to be received from 
these depths. Thirdly, the ultrasound waves loose 
energy in dense tissue and are completely stopped by 
Figure 1-1: Bone in the wrist of this foetus stops the 
waves from penetrating through to the chest creating 
an unobservable area. 
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large air pockets and bone creating ‘shadows’ in the image (see Figure 1-1). This makes it difficult to use 
ultrasound to image in the brain and under the rib cage. 
Finally, the wave scattering events that ultrasound relies on are caused by changes in acoustic 
impedance through the media being examined. This is largely dependent on material density having the 
effect that in similarly dense materials such as blood and other watery tissues, there can be a lack of 
clearly defined boundaries between the tissue types. This makes imaging of organs such as the liver 
particularly problematic (Leen and McArdle, 1996). 
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1.2. Ultrasound Contrast Agents 
A solution to the last of these problems is using ultrasound contrast agents. These constitute 
micrometer-sized bubbles encapsulated in a solid shell. In the presence of an ultrasound field, 
micrometer sized bubbles can be resonant, meaning that not only do they act as effective scatterers due 
to their sharply contrasting acoustic impedance compared to their surroundings, but they also oscillate 
producing their own acoustic signal. This means that regardless of their micrometer size they are visible 
in ultrasound (Unger et al., 2003).  
It has been known for a long time that ultrasound can be used to detect bubbles in the body. As early as 
1968, scientists were discovering that air emboli in the body could be detected using ultrasound 
(Maroon et al., 1968), a practice that is still in use today (Banahan et al., 2012). At the same time doctors 
were finding that by injecting agitated saline into the body, the air bubbles present could be seen using 
ultrasound only in the right side of the heart of a normal patient. The presence of bubbles in the left side 
of the heart suggested a hole in the myocardium as the bubbles were not small enough to pass through 
the alveoli in the lungs(Gramiak and Shah, 1968).  
Since those early days, ultrasound contrast agents have evolved into heavy gas bubbles such as sulphur 
hexafluoride surrounded in lipid, polymer or protein shells. The heavy gas and shell are designed to slow 
down the dissolution of the bubble in order to increase the length of time that they can be effectively 
used for imaging (Kwan and Borden, 2012). At the same time, the shell makes the bubble oscillations 
more non-linear, strengthening the harmonics emitted by the bubble (Tang et al., 2011). The presence 
of these harmonics make distinguishing between the bubbles and tissue easier through techniques such 
as pulse inversion (Burns et al., 2000).  
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Ultrasound contrast agents can be injected into the vasculature via a bolus or infusion and spread to 
every vessel in the body. When imaged using ultrasound, each microbubble emits a signal, clearly 
displaying the boundaries of the vessels that they are contained within. This includes smaller vessels and 
capillaries which would not have been visible using normal ultrasound. An example of this is given in 
Figure 1-2. This has proven useful clinically in detecting the blood vessels supplying cancerous growths 
(Sedelaar et al., 2001).  
A second and clinically less developed 
technique is using the signal strength from 
contrast agents to quantify blood flow 
(Cosgrove et al., 2001). Through examination 
of the rate of change in the strength of local 
contrast agent signal after introduction 
assumptions can be made about the local 
levels of blood perfusion in vessels. For 
example, a slow increase in contrast agent signal suggests a slow blood perfusion, whilst a sharp change 
in contrast agent signal suggests a faster perfusion. This technique has been used to classify various 
types of liver growth(Albrecht et al., 1999). 
  
Figure 1-2: (left) Contrast image of the kidney highlighting the 
internal vasculature, not visible in the b-mode image (right). 
Image from (Beemster et al., 2009). 
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1.3. Targeted Contrast Agents 
Recent developments in research (Unger et al., 2003, Lindner, 2004) have led to so called “targeted 
contrast agents”, consisting of a normal contrast agent with ligands attached to the shell allowing the 
agent to bind to areas of the body expressing corresponding antigens. For example, targeted 
microbubbles with P-selectin ligands have been designed to attach to areas of the vessel wall that are 
inflamed(Lindner et al., 2001) and targeted microbubbles containing VEGFR2 have been created in order 
to become attached to areas of cancerous vessel growth(Myrset et al., 2011).  
This selective binding has two applications: drug/gene delivery and molecular imaging. Experiments 
have shown that microbubble oscillations have the ability to open up pores in cell walls to allow the 
entry of either material in the surrounding fluid or from within the bubble itself. This means that drugs 
or genes can be delivered to selected cells using targeted contrast agents. For example, targeted 
microbubbles have been loaded with a human adenovirus for the targeted treatment of breast cancer 
cells in mice (Warram et al., 2012). Selective binding of contrast agents can also be used for diagnosis 
purposes through molecular imaging. By identifying contrast agents that have found their way to their 
binding site, areas of interest can be confirmed noninvasively forming alternatives to a biopsy. This 
technique is currently being trialled in rats for both identifying prostate cancer (Tardy et al., 2010) and 
inflamed vessels (Kaufmann et al., 2009).  
Currently, two of the major problems hindering the effective clinical use of targeted microbubbles are; 
low microbubble binding efficiency and distinguishing between microbubbles which have become 
bound to their target site and those still free flowing through the vasculature. Solutions to these 
problems are discussed in the next section.  
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1.4. Current Targeted Microbubble Research 
In order to ensure reliable molecular imaging and drug delivery using targeted microbubbles it is 
important that as many as possible find their way to their target site and remain there for a suitable 
period of time to allow for imaging. The limiting factors in the effective binding of targeted 
microbubbles are the number of binding ligands in contact (Sboros et al., 2010), the surface area of the 
microbubble (Rychak et al., 2006), and the speed and type of flow that the bubble is transported in 
(Takalkar et al., 2004). In order to overcome these problems, microbubbles have been engineered to 
increase their binding efficiency by deflating them to increase their effective surface area (Rychak et al., 
2006), and by increasing the density of ligands on the microbubble surface (Chen and Borden, 2010). In 
addition, targeted microbubbles with multiple types of ligand have been produced to maximise the 
number of binding sites (Myrset et al., 2011, Warram et al., 2012).  
Other work to improve binding efficiency has involved using acoustic radiation force to push targeted 
microbubbles from the centre of flow to the vessels walls, where they have a chance of becoming bound 
(Rychak et al., 2005, Zhao et al., 2004a). The physics behind this are explained in detail in the section on 
primary Bjerknes forces in the next chapter (2.2.1). Researchers found that the use of acoustic radiation 
force can aid in improving binding efficiency 27 fold in-vitro experiments (Zhao et al., 2004b). While this 
technique is extremely effective in introducing targeted microbubbles directly in line with the 
transducer, it cannot transport microbubbles to other areas. Techniques to improve on this will be 
investigated in chapter 5. 
The other major challenge with targeted microbubbles involves being able to distinguish between bound 
and free-flowing microbubbles in regions of the body with high shear such as arterial flow. The solution 
to this problem is essential to molecular imaging as incorrect identification of microbubbles could lead 
to misdiagnosis. Techniques in this area can be split into three main areas. The first technique developed 
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for identifying targeted microbubble is known as the destruction-reperfusion technique(Lindner, 2004). 
Shortly after microbubbles have been introduced, or the bubbles present have been destroyed, new 
bubbles enter the site of interest. The signal from these new microbubbles rises quickly (A in Figure 1-3). 
As time passes, the amount of free flowing bubbles in circulation slowly decreases leaving only those 
bound to produce a signal (C in Figure 1-3). Although this technique is effective at removing free flow 
microbubbles from images, several minutes have to pass before the numbers of free flowing 
microbubbles drop to satisfactory levels. 
 
Figure 1-3: Targeted bubble concentration after the introduction of target microbubbles. Source: (Lindner, 2004). 
In a technique developed by (Mahue et al., 2011), a nonlinear version of Doppler imaging was employed 
to measure the speed of nonlinear scatterers (i.e. microbubbles). The velocity of these microbubbles can 
then be analysed to see if they are in motion (free flowing) or stationary (bound), and hence 
distinguishing between the two groups. 
The next set of techniques used involve using temporal low pass filtering across several frames of 
ultrasound image (Zhao et al., 2007) in order to remove signals from stationary bound microbubbles and 
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the tissue. Other researchers have also combined this with harmonic imaging to remove the tissue as 
well, leaving only the bound microbubbles (Needles et al., 2009). While these techniques are effective in 
in-vitro experiments where there is little to no movement during the imaging, these techniques have 
difficulty when the patient being treated moves during imaging. As the bound microbubbles are only 
detected through filtering as they remain still, if the patient was to move, all the imaged bound 
microbubbles would appear to be in motion as well.  
Finally studies have been conducted in order to determine the difference between the acoustic 
emissions of bound microbubbles and free flowing microbubbles. (Zhao et al., 2006) found in their study 
of bound microbubbles, that the fundamental acoustic emission was stronger for bound microbubbles 
than those in free space away from any boundary. This result was confirmed through the modelling of 
attached microbubbles (Doinikov et al., 2009b). However, a separate study performed on a rigid 
microbubble both attached to a wall and unattached but next to a wall (Butler et al., 2008) found no 
significant difference between the acoustic emissions. (Sprague et al., 2010)noted that targeted 
microbubbles driven at high frequency produce sub-harmonic noise. While differences have been found 
between bound and unbound bubbles, as of the time of writing this document no reliable method has 
been found for distinguishing bound and free flowing microbubbles acoustically.  
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1.5. Summary 
The work in this thesis aims to provide a contribution to solving these two major problems in the 
effective use of targeted microbubbles. Three sizable studies have been included in this thesis, namely a 
study of non-spherical microbubble oscillations and its application to microbubble stability, a study on 
the effects of ultrasound on bound targeted microbubbles and a study on microbubble movement 
manipulation. A brief summary of each piece of work is given below: 
Chapter 3 introduces a novel semi-analytical model for modal oscillations in microbubbles encompassing 
the bubble shell. Given some of the assumptions made by the model, it has been applied to investigate 
the stability of microbubbles through analysis of the growth in these oscillations. By comparing shelled 
microbubbles with shell-free bubbles it was concluded that for a given frequency, the band of resonant 
bubble size was much narrower in the shelled microbubble case due to the extra damping provided by 
the shell. Recommendations were made that longer pulses would be beneficial in ensuring the 
destruction of microbubbles during delivery. 
Chapter 4 examines the effect of ultrasound on attached microbubbles under flow conditions. Attached 
microbubbles were subjected to varying acoustic pressures and the response was recorded optically. 
The microbubbles were found to both deflate and become detached with increasing likelihood as 
acoustic pressure was increased. Simulations were then undertaken to investigate the mechanisms 
leading to bubble detachment. Out of the four forces identified, namely shear, primary Bjerknes force, 
secondary Bjerknes force and oscillation forces, the latter of these was thought to be dominant in the 
detachment process. 
Chapter 5 investigates using multiple transducers to manipulate the movement of microbubbles. 
Simulations showed that having multiple transducers focussed on the same point in space, microbubbles 
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could be made to move laterally depending on the phase of the two transducers signals. Experimental 
results agreed with the simulated predictions with the direction of microbubble movements changing 
with transducer phase. Another experimental outcome was the observation of microbubble trapping in 
a minority of cases. This should be investigated further. 
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2. Theory of Bubble Motion 
This chapter aims to introduce the theory of bubble motion focusing on the three means which are 
shared between the three main chapters of this thesis, namely bubble oscillations and translations via 
primary and secondary Bjerknes forces. Each of these processes is key to the understanding of 
microbubbles and their application as ultrasound contrast agents. It is also these motions that form the 
basis of the work for this thesis and so knowledge of them is central to understanding this thesis.  
2.1. Bubble Oscillations 
The size of a bubble is dependent on the surrounding pressure; shrinking in high pressures and 
expanding in low pressures, as dictated by Boyle’s law. It was a Belgian physicist named Marcel 
Minnaert, who linked together this expansion and contraction of bubbles with acoustics in water, and 
used it to prove that bubbles were responsible for the sound of ”babbling brooks” (Minnaert, 1933). 
Minnaert discovered that large bubbles could be treated as linear oscillators with a resonant frequency 
depending on their radius as well as the properties of the surrounding fluid. Although many terms such 
as surface tension and viscous damping were missing from Minnaert’s calculation, it still is correct for 
large bubbles where these effects are not as large in magnitude as in the micrometer-sized bubbles 
discussed in this study. 
It was Lord Rayleigh who first studied the oscillations of bubbles in an effort to understand cavitation 
damage to propellers. Lord Rayleigh derived an equation linking the radius of a bubble to the external 
liquid pressure (Rayleigh, 1917). Later successive scientists have added terms for surface tension and 
viscous forces (Plesset and Prosperetti, 1977) to form what is now commonly known as the Rayleigh-
Plesset equation. 
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Where R is the radius of the bubble wall, R0 is the radius of the bubble at equilibrium, ρ is density of the 
surrounding fluid, p0 is the hydrostatic pressure, P(t) is the external acoustic pressure,  is the surface 
tension, pv is the vapour pressure, κ is the isotropic gas constant and μ is the viscosity of the surrounding 
fluid. 
The Rayleigh-Plesset equation in this form is effective at modelling the oscillations of shell free bubbles 
at small oscillations assuming the surrounding fluid is incompressible. In order to model ultrasound 
contrast agents, extra considerations must be taken into account to include the damping of the shell on 
the oscillations. The equation balancing the internal and external stresses in the bubble wall can be 
extended to: 
  ∙  !" − !#$ = ∇ ∙  + &ℎ()) +,-./0- (11(.2- + &ℎ()) ()3-2,. (11(.2-  [2-2] 
Where σ1 and σ2 form the internal and external stresses on the bubble, namely – 5678 − 59 +
":;<=>  3? − 5@ − A2 + ":BCDEF>  respectively and n is the surface normal.  
The first person to apply these equations formally to a spherical interface, including dilatational viscous 
properties was (Scriven, 1960). Later work by (Glazman, 1983) to model the effect of surfactant build up 
on bubbles, on their oscillation introduced a term for dilatational elasticity to the Rayleigh Plesset 
equation. This theory was first applied to the oscillations of ultrasound contrast agents by (Dejong et al., 
1994) for albumin microbubbles. This work was then later extended by (Church, 1995, Hoff et al., 2000) 
to add shells with finite thickness. It can be shown that the basic equation for the oscillation of 
microbubbles is: 
GH I" + J J = #K 
5L + "HM − 59 HMH GN + 59 − "H − 5L − A2 − 4PJ − 4Q-JJ2 − 4SJ−J0J2     [2-3] 
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Where κ
s
 is the shell dilatational viscosity and χ is the shell elasticity. This is the equation used for 
modelling bubble oscillations for the work in this thesis. The reasons for this will follow shortly. 
Advances in experimental characterisation and modelling are showing that the microbubble shell cannot 
be fully modelled using the Newtonian approach given in the equation above. Examination of lipid 
microbubbles has shown that the shell of microbubbles buckles as it compresses, effectively decreasing 
its surface tension for part of its oscillation (Marmottant et al., 2005). Furthermore, other authors have 
developed models linking shear thinning (Sarkar et al., 2005) and strain softening (Tsiglifis and Pelekasis, 
2008) to the oscillations of shelled bubbles, suggesting that the viscoelastic properties of shelled 
microbubbles change during compression and expansion. Finally, characterisation work (van der Meer et 
al., 2007) has shown that the initial shell properties for a bubble are also size dependent. All of this 
research shows that the properties of each bubble vary greatly and these variations are not completely 
understood. For example, while these models are good at fitting the oscillations of single bubbles by 
matching all of the parameters, the same parameters used on the same type of bubble even with 
exactly the same size might not provide a good fit to the oscillations, as there will be intrinsic differences 
in the shell properties.  
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2.2. Bjerknes Forces 
Any body in an acoustic pressure field experiences a force due to the surrounding pressure gradients. 
This force is commonly referred to as the acoustic radiation force (ARF). When dealing with bubbles, this 
force has a special definition and is known as the Bjerknes force, in recognition of its discoverer. As this 
study is focused on the translation of bubbles, this force shall be referred to as the Bjerknes force in this 
text. Bjerknes forces can manifest themselves through two mechanisms. Firstly, when a body is in an 
acoustic field, the body is moved in the direction of the pressure gradient. This is known as the primary 
Bjerknes force. Secondly, when two bodies oscillate in phase a potential well is created between the two 
bodies attracting them together. Conversely, when the two bodies are oscillating out of phase, a large 
pressure is formed between them pushing them apart (Doinikov, 2001). This force is known as the 
secondary Bjerknes force. 
2.2.1. Primary Bjerknes Forces 
The equation for the primary Bjerknes force on a bubble in a pressure field is as follows: 
   UVW = −X YA       [2-4] 
Where FPB is the primary Bjerknes force, V is the volume of the bubble and YA is the gradient of the 
pressure field in which the bubble is in situ. In order to demonstrate the application of this equation to 
real world situations a ‘theoretical’ rigid bubble will be compared to a normal compressible bubble. This 
rigid bubble may be thought of as a bubble so far from resonance that it does not oscillate and so has a 
fixed volume. In this case, the Bjerknes force is dependant only on the gradient of the pressure field. 
This means that it undergoes no compression or expansion, given a perfectly symmetrical sinusoidal 
acoustical stimulus (shown in Figure 2-1a), the resulting Bjerknes force is given in Figure 2-1b.  
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Figure 2-1: a): Sinusoidal wave, peak negative pressure 100kPa at 2MHz. b) Resulting primary Bjerknes force on a 3μm ‘rigid’ 
bubble. 
In this case, the time averaged force experienced by the particle is zero, the particle experiencing force 
in one direction during the positive phase of the cycle, and then an equal and opposite force back during 
the negative phase. In terms of motion, this means that the rigid bubble has moved from its original 
position and then back into its original position all in one cycle assuming that it was stationary to begin 
with. 
When dealing with compressible bodies, the change in the volume due to compression and expansion 
under the acoustic field causes a time average force to be experienced. The size change and resulting 
primary Bjerknes force experienced by a 3μm air bubble subject to the sinusoidal signal given in Figure 
2-1a is shown in Figure 2-2. This has been calculated by simulating the oscillations of the bubble using 
the Rayleigh-Plesset equation.  
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Figure 2-2:a) Radius change of a 3μm compressible air bubble given the stimulus shown in Figure 2-1a. b) Resulting primary 
Bjerknes force. 
The non-linear volume change in the air bubble means that Bjerknes force experienced during the 
positive and negative phases of sin-wave are now not equal. This means that while the air bubble is 
translated in one direction at first, the following translation in the opposite direction is now not fully 
compensating resulting in a permanent translation of the bubble. In this case, the bubble experiences a 
time averaged force of -14nN. More detailing simulations of primary Bjerknes forces are given in chapter 
5.  
2.2.2. Secondary Bjerknes Forces 
The secondary Bjerknes force occurs due to the pressure changes between two oscillating objects (Crum, 
1975, Leighton, 1994). When they oscillate in phase, a negative pressure gradient between the objects is 
formed attracting them together, however when they oscillate out of phase a positive pressure gradient 
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is formed repelling the two oscillators away from each other. A formula for the secondary Bjerknes 
forces is given by (Doinikov et al., 2009b): 
  UZW = − [G \]J#G H IHII^H IIHI_I       [2-5] 
Where R1 is the radius of the bubble the force is being acted upon, R2 is the radius of R1’s neighbouring 
bubble and d is the separation between the two bubbles. 
2.3. Limitations of Modelling Microbubbles 
To calculate the Bjerknes forces, unless high-speed camera data can be obtained detailing the 
oscillations of the bubbles directly, modelling of bubble oscillations is required. It is in this process that 
the limitations lie.  
In order to predict the oscillations of a bubble well, the stimulus from everything in the surround 
environment must be modelled. Firstly, it is assumed that the force being exerted on the bubble from 
both the acoustic field that is it located in and scattering from other surrounding bubbles and 
boundaries is uniform, where in these cases it is not. Any unevenness in the force on the bubble (mainly 
coming from viscous effects during oscillations) is likely to lead to fluctuations in the shape of the bubble 
that will affect the way it oscillates. Secondly, and more specifically to microbubble contrast agents 
themselves, oscillations are strongly affected by the properties of the encapsulating shell. However, as 
has been previously stated in section 2.1, the properties of the shell change from bubble to bubble 
depending on their size and even two bubbles of the same size do not oscillate in the same way. For 
example, for two microbubbles on the same size, one may oscillate to give so-called compression only 
behaviour, where the bubble only contracts and does not expand, whilst the other undergoes both 
expansions and contractions (De Jong et al, 2007). 
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As the processes that govern the differences between bubbles is not yet understood to a level that 
enables accurate modelling without tuning bubble shell parameters on a bubble by bubble basis, the 
decision was taken to use the standard Newtonian shell model as it uses a level of approximation 
suitable for desired accuracy in this thesis while being well known and understood. In order to  apply the 
model to a large population of bubbles, the model’s parameters were then tuned to give a resonant 
bubble size at the acoustic frequency seen in experimentally gathered data. This approach ensures that 
the trend of predicted Bjerknes forces also remains accurate for the work done in chapter 4. 
2.4. Modelling of Bubble Motion in this Thesis 
Microbubbles have been modelled in this thesis for three main applications: 
Firstly, the stability of a bubble is directly affected by the oscillations that a bubble undertakes; strong 
oscillations leading to the collapse of a bubble. This application has been approached in chapter 3, 
where a model for non-spherical oscillations in microbubbles has been derived to predict the collapse of 
microbubbles.  
Secondly, the pushing and pulling Bjerknes forces experienced on a bubble in an acoustic field depends 
on its volume and hence its oscillations. Analysis of the forces on bubbles takes places in studies about 
the interactions of targeted microbubbles in chapter 4, where the effect of the primary and secondary 
Bjerknes forces on the attachment of targeted microbubbles has been investigated. 
Thirdly, the primary Bjerknes forces experienced by microbubbles in an acoustic field has been 
investigated in chapter 5, in an effort to investigate better ways of manipulating targeted microbubbles 
in order to help deliver them to the regions that they are required.  
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3. Modelling non spherical oscillations and 
stability of acoustically driven shelled 
microbubbles1 
 
3.1. Summary 
The oscillation and destruction of microbubbles under ultrasound excitation form the basis of contrast 
enhanced ultrasound imaging and microbubble assisted drug and gene delivery. A typical microbubble 
has a size of a few micrometres and consists of a gas core encapsulated by a shell. These bubbles can be 
driven into surface mode oscillations, which can not only contribute to the measured acoustic signal but 
also can lead to bubble destruction. Existing models of surface model oscillations have not considered 
the effects of bubble shell. In this study, a model was developed to study the surface mode oscillations 
in shelled bubbles. The effects of shell viscosity and elasticity on the surface mode oscillations were 
modelled using a Boussinesq-Scriven approach. Simulation was conducted using the model with various 
bubble sizes and driving acoustic pressures. The occurrence of surface modes and the number of 
ultrasound cycles needed for the occurrence were calculated. The simulation results show a significant 
difference between shelled bubbles and shell free bubbles. The shelled bubbles have reduced surface 
mode amplitudes and a narrower bubble size range within which these modes develop compared to 
shell free bubbles. The clinical implications were also discussed. 
  
                                                          
1
 Work in this chapter previous reported in LOUGHRAN, J., ECKERSLEY, R.J., TANG, M-X, 2012, Modelling non-
spherical oscillations and stability of acoustically driven shelled microbubbles, The Journal of Acoustic Society of 
America, 131, 4349-4357 
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3.2. Introduction 
3.2.1. What are Non-Spherical Oscillations? 
When a bubble is subjected to a change in pressure, the gas inside contracts and expands accordingly. 
During normal oscillations, the change in radius occurs evenly over the whole bubble resulting in a 
purely spherical volume change, known as a ‘breathing mode’ oscillation. Footage of such an oscillation 
is displayed in top half of Figure 3-1. However, in other cases, the change in volume does not occur 
spherically, but instead the bubble oscillations start to take on shapes other than a sphere. An example 
of this is shown in the bottom part of Figure 3-1.  
 
 
Figure 3-1: (top) Spherical oscillations of a 13μm lipid microbubble observed through a high-speed camera. (bottom) Non-
spherical oscillations of a 10μm lipid microbubble. The bubbles have been driven at 0.5MHz for 5 cycles. All high speed 
camera images courtesy of Robert Eckersley and Helen Mulvana, both employed by Department of Imaging Sciences, 
Imperial College during the time these images were taken. 
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Analysis of the shape of the first image from the top sequence in Figure 3-1, shows only a minor 
deviation (<0.1μm) from a spherical shape over a spread of difference frequencies. However, the result 
from second series shows a definite deviation from the spherical shape at multiple frequencies. Each of 
these frequencies corresponds to a different surface mode on the surface of the bubble, each surface 
mode corresponding to a different surface shape. In terms of terminology, each mode number 
corresponds to a stationary point on the bubble surface where an oscillation occurs around. 
Consequently, a third order mode corresponding to a triangle, forth order a square and so on (Figure 
3-3). As demonstrated in the Fourier decomposition shown in Figure 3-2 various modal oscillations can 
be undertaken at a single point in time. 
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Figure 3-2: Shape analysis of the first bubble from each sequence in Figure 3-1. For each figure: (top left) edge of the bubble, 
(top right) Fourier transform of bubble edge, (bottom) deviation from radius of circle. 
 Figure 3-3: High speed camera images of three microbubbles in oscillation depicting from left to right examples of third, 
fourth and fifth order surface modes respectively.
The main interest in non-spherical oscillations has come from two main 
bubble stability as well as in the ways they affect the acoustic signal from the bubble. The 
sections describe the research performed in this area without looking at the mathematical modelling 
approaches that have been taken that will be described in more detail later in this chapter. Other than 
the acoustic and stability applications it 
ways in which non-spherical oscillations also affect the translation of a bubble in an acoustic field 
(Doinikov, 2004b). 
3.2.2. Non-Spherical Oscillations and Stability
The application of non-spherical 
helps to explain the processes around 
by (Brenner et al., 1995) where they identify
causing bubble collapse; Rayleigh
Rayleigh-Taylor instability occurs at the interface 
accelerated into a lighter medium. With bubbles this occurs at the point of 
has reached its minimum volume, where the gas inside the bubble is acc
same time the liquid surrounding the bubble is still pushing towards the centre of the bubble
 
applications
should be noted that research has also been conducted into the 
 
oscillations to the stability of bubbles has been an important topic as it 
sonoluminescence. The application along these lines was started 
 two types (later three (Brenner et al., 2002)
-Taylor instability, parametric instability and after
between two media, where a heavier medium is 
expansion
elerating outwards while at the 
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, their importance in 
following two 
) of instability 
-bounce instability. 
 after the bubble 
(Lin et al., 
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2002). The second instability known as parametric instability occurs when the surface mode oscillations 
build up until the bubble is unable to cope with the increasing size of the oscillations, and collapses. The 
final kind of instability, the after-bounce instability, occurs when the shock from a single violent 
oscillation sends reverberations through the bubble resulting in large non-spherical oscillations that lead 
to the bubble collapsing.  
The conclusion from these studies was that these three shape instabilities that lead to the collapse of 
bubbles and resulted in sonoluminescence when oscillations were strong enough and in the presence of 
a noble gas. One of the strengths of this work on sonoluminescence is that although the acoustic 
frequencies used to insonate bubbles are very different to those used in medical ultrasound, the size of 
the bubbles are the same as medical ultrasound contrast agents meaning that the same models for 
bubble oscillation and hence instability can be applied. 
3.2.3. Non-Spherical Oscillations and Acoustics 
Every time a bubble oscillates, the pressure waves emitted by the bubble can be detected as acoustic 
emissions. As the breathing mode oscillations produce these pressure waves, it follows on that the non-
spherical oscillations should produce them too. (Strasberg, 1956) stated that at long distances (i.e. those 
more than one wavelength away from a bubble) the detectable noise pressure is:  
 `a,  = c`  d  e 	fg h
` ij` ad k lm`n, o   [3-1]  
For distances less than one wavelength of the generated sound away from the bubble: 
 `a,  = ` − ` +   d  ij` ad k i ad k
` lm`n, o  [3-2] 
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Where R is the bubble radius, n is the surface mode number, Nn is a numerical constant dependant only 
on n, ξ is the surface tension, r is the distance away from the bubble in spherical coordinates, an(t) is the 
amplitude of the nth mode, Yn
m
 is the equations for a surface mode, ρ is the density of the medium 
surrounding the bubble and c is the speed of sound in the medium. These equations mean that at 
distances close to the bubble the incumbent sound pressure is proportional to  1 rr^#d  while at 
distances further away this increases to a 1 rd  relationship. This means that especially for the lower 
surface modes, the potential affect of surface mode oscillations on the acoustic signal can be quite 
significant. Further study performed by (Longuet-Higgins, 1989a, Longuet-Higgins, 1989b)  further 
develops the work by Strasberg with a more complex and up to date mathematical theory confirming 
this relationship between the emitted sound wave pressures and distances. However, the application of 
the conclusion of these studies to microbubbles is unclear as they both ignore viscous terms in their 
calculations and are both applied to bubbles between 0.1mm and 1cm in size, much larger than those 
used clinically. Further work both in modelling and experimental characterising is needed to fully 
explore the importance of surface modes to the acoustic emissions of microbubbles. 
3.2.4. Non-Spherical Oscillations and Ultrasound Microbubble Contrast Agents 
Other than the high-speed camera data given in the figures above, non-spherical oscillations have been 
noted in microbubbles for some time (Versluis et al., 2004, van der Meer et al., 2006) and parametric 
shape instabilities have been investigated (Dollet et al., 2008, Vos et al., 2011). Two other studies have 
also addressed the numerical modelling of surface mode oscillations in shelled bubbles (Liu et al., 2011, 
Tsiglifis and Pelekasis, 2011). The first of these (Liu et al., 2011), a numerical study of surface mode 
oscillations for shelled microbubbles uses a boundary-fitted finite-volume method to model the 
movement of the bubble boundary. The bubble shell is modelled as a neo-Hookean membrane with an 
energy dissipation equation to model the shell deformation. The second of these models (Tsiglifis and 
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Pelekasis, 2011) is another numerical study, and focuses on incorporating the shell, comparing both 
shear-hardening and shear-thinning models as well as modelling both the shell buckling and bubble 
stability. While (Liu et al., 2011) only deals with modelling the extent of non-spherical oscillations, 
(Tsiglifis and Pelekasis, 2011) do some work towards modelling bubble stability as well looking at both 
parametric and compression only behaviour. While the examinations of bubble stability in this study are 
mathematically valid, we propose to perform a similar analysis using analytical means. 
It is the aim of this study to develop a reduced analytical model for microbubble surface mode 
oscillations that takes into account the effect of shell properties. An analytical model lends itself to 
stability analysis that is not possible to do thorough using numerical means, due to the number of 
pressures, frequencies and bubble sizes to be explored. A pre-existing model for surface mode 
oscillations in shell free bubbles (Prosperetti, 1977) was adapted by changing the basic assumptions 
made in its stress boundary conditions. A Boussinesq-Scriven model for Newtonian interfaces was used 
to add the viscous properties of the shell, followed by using the same geometries to implement the 
shell’s elastic properties. Once developed, the model was used to analyse the build up of surface mode 
oscillations in conditions used in medical ultrasound in an effort to gain a better understanding of 
bubble oscillation and destruction, an important subject when dealing with targeted contrast agent drug 
delivery. 
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3.3. Modelling Non-Spherical Oscillations 
Taking R(t) to be the distance of the bubble wall from the origin located at the centre of the bubble in 
spherical coordinates (θ and φ representing angles and r the distance from the origin) when a bubble is 
oscillating purely spherically, the location of a point rs on the bubble wall with respect to the origin can 
be written as (Plesset, 1954): 
 s8 = Rt + v v artYryz, {ry|}r~r|"        [3-3] 
The spherical harmonic Yn
m is defined mathematically as (Leighton, 1994): 
 Yryθ, ϕ = −1y #[ r}y!r^y! 2n + 1 Prycos θey    [3-4] 
Where Pnm cosθ is a Legendre polynomial. 
The above equation states that the position of the bubble surface is not only defined by the ‘breathing 
mode’ spherical oscillations R(t), but also contains the superposition of an infinite number of surface 
modes, each with a varying amplitude an. As the bubble being modelled in several orders of magnitude 
smaller than the wavelength of the acoustic field, it can be modelled independent to the orientation of 
the ultrasound field in this case. 
Although equation 3-4 defines a large set of possible surface modal oscillations, (Versluis et al., 2004) 
find from their high-speed camera investigations into surface mode oscillations that all shapes appear to 
be axis symmetrical along the φ axis corresponding to m=0. Figure 3-4 shows an illustration of bubbles 
undergoing surface mode oscillations made using Equation 3-3 for n = 3, 4 and 5 respectively. Note the 
correspondence to the images in Figure 3-3.  
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Figure 3-4: Simulation of bubble surface modes using surface harmonics displayed in polar plot (upper) and area plots (lower). 
The amplitude of the shaded area represents anYn
m
(θ,φ) (shown in terms of r,θ for m=0 only). 
Initial modelling for surface mode oscillations in shell free bubbles was carried out by (Binnie, 1953) and 
later corrected by (Plesset, 1954) by modelling the potential flows that occur around a bubble due to the 
perturbations caused by the surface modes. This model was later improved by (Prosperetti, 1977) by 
adding damping caused by a viscous vorticity field at the bubble wall. This was later simplified by 
assuming that the size of this vorticity field surrounding the bubble will be limited to the size of a thin 
boundary layer (Hilgenfeldt et al., 1996). The resulting equation is given below:  
 a r + Brta r − Artar = 0       [3-5] 
Where  
 Art = n − 1  − r}#r^#r^" − n − 1n − 2 +  2nn + 2n − 1  "  
 Brt = 3  + n + 22n + 1 − 2nn + 2"  "I 
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ν is the kinematic viscosity of the surrounding fluid, δ represents the size of the viscous boundary layer 
surrounding the bubble (equal to the minimum of (
  and "r where ω is the acoustic driving frequency. 
Note that the dot appearing above symbols denotes a derivative with respect to time. At this point, the 
reader should be reminded that this equation is for shell free bubbles and does not contain any terms 
that relate to the shell elasticity or shell viscosity needed for the modelling of microbubble contrast 
agent shells.  
3.3.1. A Model for Non-Spherical Oscillations in Microbubble Contrast Agents 
The approach taken in this research was to build on the work undertaken by Prosperetti on modelling 
asymmetric oscillations in shell free microbubbles (Prosperetti, 1977) by expanding the equations to 
include the properties of the shell. Previous research has shown that microbubble shells have 
viscoelastic properties (Hoff, 2001) that can be described using a simple Kelvin-Voigt based model, 
namely: 
 σt = E εt +  η  ¡¡         [3-6] 
Where σ is the surface stress, E is the material’s elastic properties, ε(t) is the strain in the material and η 
is its viscosity. In the past, models for radial oscillations of shelled microbubbles (Marmottant et al., 
2005, Chatterjee and Sarkar, 2003) have used a surface dilatational viscosity term κ
s
 and a surface elastic 
modulus term χ to describe the damping caused by the shell. In this case, the term ‘damping’ is used to 
describe any decrease in the amplitude of bubble oscillations due to the presence of the shell and does 
not necessarily refer to the loss of any energy. While these two terms are appropriate for describing 
simple spherically symmetrical oscillations of the shell, they do not describe the in plane deflections and 
out of plane bending of the shell. In order to model the resistance of the shell to motion along the other 
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axes, additional viscosity and elasticity terms are needed, namely; the surface shear viscosity μ
s
 and the 
surface shear modulus G
s
. The reason why the work by Prosperetti was chosen as the basis for this work 
is that it is widely used by various authors in modelling bubble shape stability (Hilgenfeldt et al., 1996, 
Brenner et al., 1995, Hao and Prosperetti, 1999), thus affirming its applicability to this problem. This 
means that the same stability calculations carried out by these authors to confirm the stability of shell 
free bubbles, can also be applied to an updated version of the Prosperetti model containing a provision 
for a shelled bubble. In this study, a zero-thickness shell approach has been taken limiting the 
applicability of the model to lipid shell microbubbles. 
3.3.1.1. Adding the Viscous Shell Properties 
Prosperetti stated that for a simple shell free bubble, the tangential stresses acting on the surface of a 
bubble must balance each other out, and that the normal stresses acting on the surface should be equal 
to the surface tension multiplied by the total curvature of the bubble, namely: 
 n ∙  !" − !#n$ = ξ∇ ∙ n        [3-7] 
 n ×  !" − !#n$ = 0        [3-8] 
Where subscripts 1 and 2 refer to the inner and outer regions of the bubble, σ is the stress tensor, and n 
is the outward facing surface normal, ∇ ∙ n is the total surface curvature.  
When the bubble contains a shell, and is no longer simply a gas-liquid interface, other forces come into 
play when balancing the stresses on the bubble surface. The Boussinesq-Scriven constitutive model of 
Newtonian interfaces, describes these additional forces in general terms as (Scriven, 1960, Edwards et 
al., 1991): 
 n ∙  σ" − σ#n$ = 2¤n + 2P8nb − 2¤Is: ∇¨v@ + 2¤nQ8 + P8∇s ∙ v@   [3-9] 
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n ×  !" − !#n$ = ∇¨ + Q8 + P8∇¨∇¨ ∙ v@ + P8ªn × ∇¨ ∇¨ × v@ ∙ n$ − 2b − 2¤Is ∙ ∇¨v@ ∙ n« 
            [3-10] 
Where H is the mean surface curvature, b is the matrix of principle surface curvatures, showing the 
curvature of the surface in each of the coordinate dimensions, Is is the surface identity matrix, ∇s is the 
surface gradient operator and v
0
 is the mass average (material) surface velocity (for definitions see 
(Edwards et al., 1991)). For a standard interface in Cartesian, cylindrical or spherical space the solution 
to these equations is already available, however in the system being considered in this study where the 
surface normal (Equation [3-11]) is no longer purely in one dimension Equations [3-9]and [3-10] must be 
used to calculate new boundary conditions. Working in the spherical coordinate system: 
 n = − ¬­® ar  ¯°±² − ¬³® ¨r ² ar  ¯°± + e® [3-11]  v@ = v²@ e² + v@ e + v®@e® [3-12] 
 I¨ = ´1 0 00 1 00 0 0µ   [3-13]  ∇¨= ¶··¸
#® ²#® ¨r² 0 ¹º
º»   [3-14] 
Where er, eθ, eφ represent the unit vectors in the various axes. The definition for the location of the 
bubble wall given in Equation [3-3] where the surface modes super-impose themselves onto the 
spherical shape of the bubble without interacting with each other is only valid as long as an is linear. 
With this stipulation in mind Equations [3-9] to [3-14] can be used to derive a manageable and, most 
importantly, easily solvable model.  
Starting with the fundamental properties of a spherical harmonic Yn
m
 namely that; r"∇"Yry =
−nn + 1Yry , the mean surface curvature H and the matrix of principle surface curvatures b, in first 
order terms of an at the bubble surface where rs = R + anYn
m
 can be calculated as: 
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 H = − #" ∇¨. n = − # − r}#r^"¾°¯°±I         [3-15] 
 b = −∇¨n =  ¶··
·¸ ¾°I I¯°±²I − # + ¾°¯°±I  – ¾° ¿À¨²I¨rI² ¯°± − ¾°I¨r² I¯°±²  − ¾°I ¯°±²– ¾° ¿À¨²I¨rI² ¯°± − ¾°I¨r² I¯°±²  ¾°I¨rI² I¯°±I + ¾° ¿À¨²I¨r² ¯°±² − # + ¾°¯°±I ¾°I¨r² ¯°±0 0 0 ¹ºº
º»
 
           [3-16] 
The mass average velocities v0 are those given in (Prosperetti, 1977). While in reality the mass average 
velocities should include the effect of vorticity surrounding the bubble, these terms have been omitted 
due to the complexity of the vorticity field. The vorticity field does not fit directly into the geometries of 
this model and so any attempt to include it at this point would make this a pending numerical study. 
However when considering the vorticity field around the bubble in terms of a potential flow, as the 
shape of the geometries of the bubble remain the same as a gas bubble, the original assumptions about 
the vorticity can be applied to this model.  
 ¶··
·¸v²@ = − r^# ar + "¾°  ¯°±²v@ = − r^# ar + "¾°  ¯°±v®@ = R + ar Yry ¹ºº
º»
       [3-17] 
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Substituting Equations [3-9] to [3-14] into [3-7] and [3-8] with simplification based on the two conditions 
in the paragraph above the following boundary conditions can be derived: 
n ∙  σ2 − σ1n$ +  n ×  !" − !#n$  = 
ξ
¶··
···¸
2arR" ∂Yry∂θ2arR"sinθ ∂Yry∂ϕ− Ã2R + n − 1n + 2arYryR" Ä¹ºº
ººº
»
+
¶··
···¸
4 J 3ÅJG ∂Yry∂θ4 J 3ÅJG-,z ∂Yry∂ϕ− 4JJ" − 2" + 2 − 13J YryJG − 2 + 23ÅYryJ" ¹º
ººº
º» κ¨ + μ¨
+
¶··
···¸
− 4R arRG ∂Yry∂θ− 4R arRGsinθ ∂Yry∂ϕ" + 3 − 4  + 23ÅYryJ" ¹º
ººº
º» μ¨ +
¶··
·¸ 1R ∂ξ∂θ + arYr
yR" ∂ξ∂θ1Rsinθ ∂ξ∂ϕ + arYryR"sinθ ∂ξ∂ϕ0 ¹º
ºº»
+
¶··
··¸ −
23ÅRG ∂Yry∂θ + nR Ã3Å + 23ÅJJ Ä ∂Yry∂θ
− 23ÅRGsinθ ∂Yry∂ϕ + nRsinθ Ã3Å + 23ÅJJ Ä ∂Yry∂ϕ0 ¹ºº
ºº» κ¨ + μ¨ 
+ ¶··
·¸ − "r}#H ¾°r^# ¯°±² − "Å^"7 Èr^#I  ¯°±²"r^#¨r²}"H ¾°r^#¨r² ¯°± − "r^#¨r²^"7 Èr^#I¨r²  ¯°± + ¿À¨²¨rI² ¯°±² I0 ¹ºº
º» μ¨  [3-18] 
Equating the parts of this equation in terms of er to the normal stresses as defined in Equation [25] of 
(Prosperetti, 1977) gives the two equations forming the basis of this model. The first of these two 
equations is a collection of all the terms which do not contain an. This gives all the oscillations of the 
bubble which are purely radial and is instantly recognisable as the Rayleigh-Plesset equation, as 
introduced in chapter 2.1. 
45 
 
 RR + G" R =  #I}É P# − P" − " + [μÉ}μI − [ÊËI     [3-19] 
Next, collecting all terms that contain first order values of an gives an equation for all the movements of 
the bubble that are dependent on surface modes. 
 ]" + 1 + ]#  J3Å ÌÅÍ + Î3  ]" + 1 + ]#  J − 2J  + 2 − 1P" − P#Ï 3Å ÌÅÍ + 
ÐÑ + 2 ]# −  − 1 + 1 ]"Ò J + 2 − 1 + 2P" − P# JJ" +  − 1 + 2 J"Ó 3ÅÌÅÍ + 
 + 2P"Ô"J, 2ÌÅÍ J −  + 1 − 1P#Ô#J, 2ÌÅÍ JÕÕ  + 
 + 1]#ÌÅÍÖJ JÕ × Ø  1 − - JÕ G$H@ - JÕ Å}"Ô#-, 2 ?- − 
]"ÌÅÍÖJ JÕ × Ø  1 − J -Õ G$~H J -Õ ÅÔ"-, 2?- = 
− − 1 + 2 3ÅÌÅÍJ" + Ù" + 3 − 4  + 23ÅYryJ" Ú P8 
+ "ÖÅI^"Å}#×7H ¯°±H + "Å^"7 È¯°±HI  κ¨ + μ¨   [3-20] 
Where T and α are terms describing the vorticity field around the bubble. 
The next step is to combine the effect of the tangential stresses on the bubble. As observed by (Versluis 
et al., 2004) microbubble surface mode oscillations are of the form Yn
0
 meaning that they are axis 
symmetrical along the φ axis. In this case, Equation [3-18] can be simplified considerably as all terms 
with a derivative in φ equate to zero. Taking the tangential stresses (Equation [23] of (Prosperetti, 1977)) 
and equating it to terms of the shell boundary conditions that contain e
θ
 gives: 
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22 + 1JÅ}" P#Û#2 − P"Û"2$ ÜÌÅÍÜz +  + 1J}# P"Ô"J, 2 − P#Ô#J, 2$ ÜÌÅÍÜz − 
2 + 1 ÐÑ + 2 + 1 P" −  − 1 P#Ò 3ÅJ + Ñ + 2 P# −  − 1 + 1 P"Ò 3Å JJ"Ó ÜÌÅÍÜz = 
Ã2arR" ∂Yry∂θ Ä ξ − 1R ∂ξ∂θ + arYryR" ∂ξ∂θ + Ã4 J 3ÅJG ∂Yry∂θ Ä κ¨ 
+ Ã− 2n − 1J arn + 1RG ∂Yry∂θ − 2 + 23Ån + 1R"  ∂Yry∂θ Ä μ¨ 
+ Ã− 23ÅRG ∂Yry∂θ + nR Ã3Å + 23ÅJJ Ä ∂Yry∂θ Ä κ¨ + μ¨ 
[3-21] 
As the density and viscosity of the internal gas is considerably less than that of the surrounding fluid, in 
all terms comparing these two values (i.e. μ1 with μ2 and ρ1 with ρ2, μ1 and ρ1) can be ignored. In addition, 
assuming that there are no local fluctuations in the local surface tensions of the bubble shell,  − # ² +
¾°¯°±I ²  can be eliminated from this equation. The final model is achieved by rearranging Eq. (21) to be 
in terms of T2 and then substituting it into Equation [3-20], giving: 
a r + Brta r − Artar = 0        [3-22] 
Where 
Art = n − 1 RR − n" + 2n − 1n + 2ξρRG − 2νRRG În − 1n − 2 +  2nn + 2n − 1 δRÏ 
  − "rr^" μËr^#Þ Önn + 1 + n − 1× − " ÊËr^#Þ n"n + 2n + 1 +  7nG + 9n" − n − 4 
           [3-23] 
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Brt = 3 RR + În + 22n + 1 − 2nn + 2" δRÏ 2νR" + nn + 2μ¨n + 1RGρ nn + 1 − 2 
  + ÊËr^# n + 2n + 1n" + 4n + 2    [3-24] 
3.3.1.2. Adding the Elastic Shell terms 
By using the same geometries as those used to add the viscosity terms above, calculation of the 
elasticity terms is trivial. From the definition of the Kelvin-Voigt model (Equation [3-6]), overall 
viscoelastic stress of the shell surface is the sum of the viscous and the elastic stress, both independent 
of each other. While the viscous damping is described by the rate of strain in the shell based on its 
material velocities, the elastic damping is described by the strain in the surface itself (Chatterjee and 
Sarkar, 2003). This process is based on the same geometries as those already used in the previous 
section and a simple substitution of material velocities for surface deformation is needed to form the 
equations for elastic damping. This conversion involves substituting the material velocities R  and ar , for 
strains R-R0 and an-an0 respectively as described in the literature applied to membranes(Oldroyd, 1955) 
and to microbubbles (Doinikov et al., 2009a). Where R0 is the initial bubble radius, and an0 is the 
equilibrium size of each surface mode (i.e. 0). Performing this process exchanging κs for χ and μs for Gs 
gives the following terms below for the elastic stresses which can be combined with Equation [3-23] 
describing the other stress due to the definition of the Kelvin-Voigt model (see Equation [3-6]). Note 
that there is no longer a term in this equation in 3Å and so elasticity terms are present only in Equation 
[3-23]. 
−χ Ã #r^# n + 2n + 1n" + 4n + 2 + "}Mr^#Þ n"n + 2n + 1 +  7nG + 9n" − n − 4Ä  
    −G¨  rr^"r^# nn + 1 − 2 + "rr^"}Mr^#Þ Önn + 1 + n − 1×   
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3.4. Methods 
In order to implement and thus obtain a result from Equation [3-22], first the underlying radial 
oscillations of a bubble must be calculated using the Rayleigh-Plesset equation (Equation [3-18]). This is 
solved by implementing the equation in MATLAB (Mathworks inc.) using a 4
th
 order Runge-Kutta solver 
with a time step of 10
-10
s. A time step of this size is needed in order to ensure that the simulations 
converge in the unstable cases where there is a sharp change in acceleration. The results of this are then 
used in Equations [3-23] and [3-24] to obtain the surface mode predictions. In order to solve these 
equations an initial perturbation is needed; adopting the values used by previous studies with the same 
application (Lin et al., 2002, Versluis et al., 2010, Hilgenfeldt et al., 1996), an initial perturbation of 1nm 
was used for each mode. This value was chosen because it represents a value much smaller than the 
initial size of the microbubbles being simulated.  
Shell parameters were chosen from previous literature on shelled microbubbles (Doinikov et al., 2009, 
Marmottant et al., 2005). The same parameters where used in all simulations. The shell viscosities (κs 
and μs) were chosen to be 4x10-9Ns/m and 1x10-9Ns/m and elasticities (χ  and Gs) 0.5N/m and 0.1N/m 
respectively. In contrast, to perform a simulation of a shell free bubble all of the shell parameters were 
set to zero. 
Simulations were performed using microbubbles of radii ranging from 1μm to 6μm conforming to the 
sizes of commercially available clinical imaging agents. For each bubble, simulations were carried out 
ranging from 0 to 500kPa. Previous studies into bubble stability (Hilgenfeldt et al., 1996, Lin et al., 2002) 
have classified instability if the size of the most active mode of oscillation becomes larger than the initial 
bubble size (i.e. 
a" Rd > 1 ). Therefore, the same criterion was used. Each bubble was simulated for a 
maximum of 100 cycles and the number of oscillations at which a certain surface mode increases to the 
initial bubble size was recorded as a measure of bubble stability. While the maximum number of cycles 
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is not appropriate for imaging applications, cycles of this length are used in therapeutic applications 
(Ghanem et al., 2009). In addition, this value was chosen for illustrative purposes to show the 
progression of bubble stability. 
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3.5. Results 
Figure 3-5c demonstrates the occurrence of the second surface mode for a 2.9μm shelled bubble, while 
Figure 3-5d shows the same bubble driven at a higher pressure where, after a few driving cycles, the 
second surface mode becomes larger than the initial radius. Such large amplitude surface mode 
oscillation can overwhelm the microbubble causing rupture and even fragmentation (Versluis et al., 
2004). 
 
Figure 3-5:Oscillations of the 2nd surface mode in a 2.9μm bubble insonated at 1.7Mhz. a) Driving peak negative acoustic 
pressure at 170kPa; b) Radial oscillations when driven at 170kPa; c) 2nd mode amplitude when driven at 170kPa; d) 2nd 
mode amplitude when driven at 400kP 
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In an effort to try to model these effects, Figure 3-6 displays the number of cycles required for a 
particular surface mode to increase to a size greater than the initial bubble. Plots cover a range of 
microbubble sizes and pressures as those commonly used in a clinical setting covering both shelled and 
shell free varieties. It can be seen that there is a significant difference between the shelled and shell free 
bubbles. The shelled bubbles have reduced surface mode amplitudes. Therefore, a longer pulse with 
higher amplitude is needed to drive the bubbles into surface mode oscillation and destruction. The 
shelled bubbles also have a narrower bubble size range within which surface modes develop compared 
to shell free bubbles. In addition, while the modes for the shelled bubbles have a second resonant peak 
at roughly twice the radius of the first for all the modes simulated, this second resonant band changes 
from mode to mode in the shell free case.  
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Figure 3-6: Simulation of bubble surface modes with varying bubble size and acoustic pressure.  
The colour bar, in logarithmic scale, represents the number of pulses taken for the given surface mode 
to become larger than the initial bubble size (defined as the point where the bubble ruptures). Left: 
shelled bubbles, Right: shell free bubbles, Top: n=2, Middle: n=3, Bottom: n=4. Performed at 1.7MHz 
using the shell parameters listed in the method section. Note that a value of 100 infers that the bubble 
was not overwhelmed in surface mode oscillations during the simulated 100 pulses. 
1 2 3 4 5 6
0
100
200
300
400
500
R0 (µm)
Pr
es
su
re
 
(kP
a)
1 2 3 4 5 6
0
100
200
300
400
500
R0 (µm)
Pr
es
su
re
 
(kP
a)
1 2 3 4 5 6
0
100
200
300
400
500
R0 (µm)
Pr
es
su
re
 
(kP
a)
1 2 3 4 5 6
0
100
200
300
400
500
R0 (µm)
Pr
es
su
re
 
(kP
a)
1 2 3 4 5 6
0
100
200
300
400
500
R0 (µm)
Pr
es
su
re
 
(kP
a)
1 2 3 4 5 6
0
100
200
300
400
500  
R0 (µm)
 
Pr
es
su
re
 
(kP
a)
10
100
5
50
53 
 
3.6. Discussion 
In this work, we have developed a model for microbubble surface mode oscillations that takes into 
account the effects that shell properties have on the oscillations. These results have shown that these 
effects are significant under the specific conditions simulated. Qualitative comparison of the results for 
the shelled bubbles can be made with the previous work of Dollet et al. (see Figure 6 of (Dollet et al., 
2008). Both the experimental data given in that study and the simulated data provided here Figure 3-4 
were conducted at 1.7MHz. This comparison demonstrates that in the 2nd, 3rd and 4th modes the 
resonant bubble size is about 2.5μm, corresponding with the area of least stability given for the shelled 
bubbles in Figure 3-4. In addition, the experimental data confirms each of the modes has similar 
resonant bands. It should be noted that there are differences in the peak amplitudes between these 
results and (Dollet et al., 2008). A contributing factor to this is the uncertainty, due to the lack of 
experimental evidence, in selection of the parameters for complex models such as this. Furthermore, in 
this simulation all the model parameters were fixed, while it has been shown by others(van der Meer et 
al., 2007)  that these parameters vary with initial bubble size and the regime under which the bubble 
oscillates (e.g. whether the bubble shell is buckling or rupturing). Although these phenomena have been 
reported (Marmottant et al., 2005) there is insufficient data available to take these into account in the 
model presented here. Perhaps more important is the practicalities of incorporating buckling into the 
model. This would cause the surface tension to vary locally meaning that the assumption that the 
surface tension is a global constant is no longer valid. This local change in surface tension is due to the 
stress of the shell membrane varying in parts of the shell that are buckled as opposed to those that have 
not. Similarly, variations in shell viscosity during oscillation through so-called shear-thinning (Doinikov et 
al., 2009a, Stride, 2008) will introduce local changes to the shell viscosities. The value of initial seed 
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value for the perturbation, as used by (Doinikov et al., 2009a, Versluis et al., 2010), will also affect the 
any quantitative comparison.  
When comparing across individual modes in Figure 3-6 for shelled bubbles, it is evident that there is not 
a significant difference between each of the modes, each having two narrow resonant peaks located for 
similar size bubbles. However, comparing the area and values of these bands, the bubbles in the 
simulations are more affected by 2
nd
 mode oscillations becoming unstable much sooner than with the 
3
rd
 and 4
th
 mode. This is expected and is already detailed for shell free bubbles in other work (Hilgenfeldt 
et al., 1996). In addition, Figure 3-6 shows that for the same size bubble, the number of oscillations 
taken for the bubble to be overwhelmed by surface mode oscillations does not always decrease with 
increasing driving pressure. This can be explained by non-linear changes in the radial oscillations with 
increasing driving pressure; e.g. generation of higher harmonics (see Figure 3-7). These changes with 
pressure are especially prevalent where the bubble is near resonance as in this case. 
 
Figure 3-7: 3.5μm bubble driven at 1.7MHz, 425kPa (top) and 450kPa (bottom). Period doubling behaviour in the radial 
oscillations at the higher driving pressure (bottom) damps the build up of surface mode oscillations. 
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used in clinical ultrasound are broadband with less than a few cycles. This corresponds to a small band in 
the upper half of the phase diagram (Figure 3-6) where bubbles are mostly likely at risk of being 
destroyed through this process. In order to destroy a shelled bubble that is not resonant then a much 
higher pressure and a longer pulse is required. This has implications for both imaging and therapeutic 
uses of microbubbles. For example, if all bubbles in a population are to be destroyed, the use of a 
frequency sweep instead of a single frequency pulse would likely be more effective.  
In terms of drug delivery using targeted contrast agents, this work proposes more effective ways of 
making sure that all of the microbubbles have been destroyed, thus enabling more efficient drug 
delivery. However, it should be noted that the work performed in this chapter does not include the 
effect of a nearby boundary on the non-spherical bubble oscillations, an important factor when dealing 
with attached microbubbles. The inclusion of this would be non-trivial as the flow surrounding the 
bubble would be greatly affected by the presence of the boundary. However, the stability of attached 
microbubbles has been addressed experimentally in the proceeding chapter where the deflation of 
attached microbubbles at different pressure levels has been investigated.  
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3.7. Conclusion  
This chapter presents a new model for surface mode oscillations in shelled microbubbles through 
extension of an existing model for oscillations in shell free bubbles
 
(Prosperetti, 1977). Terms for the 
shell viscosity and elasticity were added based on a Boussinesq-Scriven approach. This model has 
demonstrated the stability of acoustically driven shelled microbubbles. The model shows qualitative 
agreement with existing experimental data, giving similar resonant responses for each of the surface 
modes. This model predicts that surface mode oscillations occupy the same tight resonant space for a 
shelled bubble compared to the varying wider space in shell free bubbles. Also, in the destruction of 
bubbles, the model shows that shelled bubbles need to be driven at higher pressures for a larger 
amount of cycles to ensure their destructions. 
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4. Effect of ultrasound on adherent microbubble 
contrast agents2 
4.1. Summary 
An investigation into the effect of clinical ultrasound exposure on adherent microbubbles is described. A 
flow phantom was constructed in which targeted microbubbles were attached using biotin-streptavidin 
linkages. Microbubbles were insonated by broadband imaging pulses (centred at 2.25MHz) over a range 
of pressures (Peak negative pressure (PNP) = 60kPa ~ 375kPa). Individual adherent bubbles were 
observed optically and classified as either being isolated or with a single neighbouring bubble. It was 
found that bubble detachment and deflation are two significant effects, even during low amplitude 
ultrasound exposure. Specifically, while at very low acoustic pressure (PNP < 75kPa) 95% were not 
affected, at medium pressure (151kPa < PNP < 225kPa) 53% of bubbles detached and at higher 
pressures (301kPa < PNP < 375kPa) 96% of the bubbles detached. In addition, more than 50% of bubbles 
underwent deflation at pressures between 301kPa and 375kPa. At pressures between 226kPa and 
300kPa, more adherent bubbles detached when there was a neighbouring bubble, suggesting the role of 
multiple scattering and secondary Bjerknes force on bubble detachment. The flow shear, primary, and 
secondary Bjerknes forces exerted on each bubble were calculated and compared to the estimated 
forces acting on the bubble due to oscillations. The oscillation force is shown to be much higher than 
other forces. The mechanisms of bubble detachment are discussed. 
  
                                                          
2
 Work in this chapter was previously reported in, LOUGHRAN, J., SENNOGA, C., ECKERSLEY, R.J., TANG,.M-X, 2012 
Effect of ultrasound on adherent microbubble contrast agents, Physics in Medicine and Biology, 57, 6999 
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4.2. Introduction 
While a typical ultrasound contrast agent consists of a gas bubble protected from diffusion by an 
encapsulating shell, targeted contrast agents add extra functionality through incorporation of binding 
ligands. This allows the agent to specifically bind to receptors in the body, giving them applications in 
both molecular imaging (Dayton and Ferrara, 2002, Lindner, 2004) and targeted drug delivery through 
sonoporation, when the contrast agent is combined with a drug (Unger et al., 2003). Examples of studies 
performed using targeted microbubbles include binding to P-Selectin, VCAM-1, or VEGFR to detect 
inflammation for conditions such as atherosclerosis (Kaufmann et al., 2009, Lindner et al., 2001, Myrset 
et al., 2011) and binding to H-2Kk for tracking endothelial progenitor cells during progenitor cell 
treatment (Kuliszewski et al., 2009).  
At present, the majority of preclinical studies of targeted microbubbles can be placed in two broad 
categories. The first of these is concerned with how to increase the binding efficacy of targeted 
microbubbles by helping them get to their binding site. These studies include using acoustic radiation 
force to ‘push’ the targeting bubbles to potential binding sites (Zhao et al., 2004a, Rychak et al., 2005, 
Yamakoshi and Miwa, 2009). Elsewhere, engineering strategies aimed at  increasing the probability of 
microbubble binding has led to deflating them in order to increase their surface area and binding 
functionality (Rychak et al., 2006); having multiple ligands on the surface to increase their functionality 
(Myrset et al., 2011); increasing the density of ligands on the bubble surface; and, having buried ligands 
on the shell to decrease non-specific binding (Chen and Borden, 2010). The second area is concerned 
with using targeted microbubbles as contrast agents and trying to detect their differences and 
distinguish them from ‘free flowing’ microbubbles. These studies include using simulations (Doinikov et 
al., 2009b, Doinikov et al., 2011, Martynov et al., 2011) and single bubble acoustic experiments 
(Overvelde et al., 2011, Sprague et al., 2010, Butler et al., 2008, Zhao et al., 2006) to investigate the 
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acoustic properties of targeted microbubbles, image processing techniques based on temporal low pass 
filtering of ultrasound echo data to distinguish stationary and adherent bubbles(Needles et al., 2009, 
Zhao et al., 2004b)  and nonlinear Doppler techniques (Mahue et al., 2011)). 
A third area, which has received less attention, relates to the effect that ultrasound has on the targeted 
microbubbles once they are bound. In a typical ultrasound acquisition, the adherent bubbles within the 
imaging plane will be exposed to repeated ultrasound excitation at low Mechanical Index (MI, typically 
less than 0.2; corresponding to a pressure of 300kPa at 2.25MHz used in this study). It is not clear 
whether such repeated low MI pulses cause changes to the adherent bubbles and what the implications 
of any changes for imaging might be. As previously stated, a microbubble is bound onto its binding site 
through a ligand tether and a molecular binding agent. If the force exerted on the adherent microbubble 
is large enough then the tether may break or the molecular linkage fail, resulting in the detachment of 
the microbubble (Sboros et al., 2010). Studies to characterise the maximum shear  under which targeted 
microbubbles  find their binding site and also the levels of shear that remove them once they are in 
contact, have been conducted (Takalkar et al., 2004, Klibanov et al., 2006) and with various different 
bubble configurations (Ferrante et al., 2009). However, it is only recently that the detachment of 
targeted microbubbles due to ultrasound has been reported (Schmidt et al., 2008). The authors of this 
study reported that ‘secondary Bjerknes forces’ causing an attractive force between two neighbour 
bubbles oscillating in phase is enough to detach them. The effect of these forces was pronounced in that 
study as the monodisperse population used meant that each bubble oscillated in phase and so attracted 
all the surrounding bubbles. This effect has been further studied using high speed camera data to 
parameterise a model of the attraction of adherent microbubbles in comparison to unbound 
microbubbles in an ultrasound field (Garbin et al., 2011). This work demonstrated the effect of 
ultrasound on attached microbubbles in a specific situation where once again attached microbubble 
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pairs of similar size were selected and, in this case, pulses much longer than typical imaging pulses were 
used.  
There are other possible changes to adherent microbubbles under ultrasound. Previous studies have 
shown size reduction (deflation) of non-targeted microbubbles even at low acoustic pressure(Guidi et al., 
2010). A change in bubble size greatly affects its efficiency as an ultrasound scatterer, as a small non-
resonant bubble will not give a detectable acoustic signal. Therefore, it is particularly important to study 
the deflation of targeted microbubbles under ultrasound, given the typically low yields of adherent 
bubbles in practice.    
The motivation of this study is to investigate the effects of short ultrasound imaging pulses on adherent 
microbubbles in a flow model using optical microscopy and quantify such effects in conditions close to 
those used clinically. The detachment of adherent microbubbles and the forces acting on them are 
investigated together with the conditions that lead to deflation of the adherent microbubbles.  
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4.3. Methods 
 
 
4.3.1. Experimental Setup 
The equipment, as shown in Figure 4-1: Schematic of the Experimental Setup, consisted of a 2.25MHz 
focused ultrasound transducer with a focal length of 75mm (Panametrics V304 , Olympus) focused onto 
a central point upon which a 100x water immersible objective (LUMPlanFL 100x, Olympus) was also 
focused. Alignment of the focuses was performed by placing a small metal sphere (a ball of solder on the 
end of a wire) in the focus of the objective and then focusing the ultrasound transducer onto the same 
metal sphere aided by a 3D translation stage(Newport M-562, CA, USA). During this process the 
transducer was driven by a pulser/receiver operated in transmit/receive mode (Panametrics-NDT 5800) 
with the result displayed on a digital oscilloscope (Sony Tektronix TDS7154). This alignment of the optics 
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Figure 4-1: Schematic of the Experimental Setup 
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and acoustics ensures that the microbubbles in view during the experiment are being insonated at the 
pressures measured at the ultrasound focus. The size of the optically viewable area is approximately 
0.1mm by 0.1mm while the ultrasound focus is about 1mm by 1mm, and thus the acoustic focus is 
substantially larger than the optical field of view. A 200μm inner diameter cellulose tube (RC55 8/200 
Membrana GmbH) coated with streptavidin was then placed into the focus using another identical 3D 
translation stage. 
A burst of 30 Gaussian enveloped broadband sinusoidal pulses (full width half maximum of 1μs) was 
generated by a programmable waveform generator (Sony Tektronix AWG2021) taking an input from an 
in-house triggering software written in MATLAB (Mathworks, Cambridge UK). The burst was amplified by 
a power amplifier (E&I 2100L) to drive the transducer over a one second period (pulse repetition 
frequency 30 Hz) followed by a 0.5 second pause before increasing the output pressure and repeating, 
five times in total. A calibrated needle hydrophone (HPM1/1 Precision Acoustics, Dorset, UK) was used 
to calculate the pressures at the focal point of the ultrasound transducer. Two separate ramps were 
employed with the maximum insonation pressure of 370kPa (peak negative pressure, accurate to ±13%, 
corresponding MI=0.25) and 300kPa (MI = 0.20) respectively. 
Light from the microscope objective was collected via a digital camera (Powershot A95, Canon) with a 
frame size of 640x480 pixels at 10 frames per second, after the light from the objective being reflected 
through a mirror at 45 degrees and a focusing lens. The magnification of the image obtained was 
controlled by changing the distance between the focusing lens and the camera lens and by adjusting the 
distance between the mirror and the camera to obtain an optical view of approximately 100μm x 76μm 
with a resolution of 0.32μm per pixel. Optical sizing was calibrated by manually measuring the diameter 
of in-focus 5μm latex calibration beads (L5 microspheres, Meritics Ltd). In order to calculate tolerances 
of the sizing process, the beads were repeatedly sized at varying degrees of focus. The standard error 
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was found to be 16% of the bubble diameter and the location of the bubble centre was found to be 
accurate to within one pixel. To be able to distinguish when the microbubbles were exposed to the 
acoustic field, the clocks on the PC triggering the ultrasound generation and digital camera were 
synchronised. Before triggering the ultrasound transmission, the video mode of the digital camera was 
manually triggered. Video data was then captured for the duration of the ultrasound sequence until no 
further change in the status of the targeted microbubbles could be visually observed.    
In order to verify that the microbubbles were adherent to the walls of the tube, experiments were 
performed under flow conditions using a syringe pump in withdraw mode. In this situation, any 
unattached bubbles were observed to flow away. To both maximise the number of bubbles binding to 
the tube, and to enable the free flowing unbound bubbles in the tube to be seen, a relatively low flow 
rate of 3μl/min was used. A flow rate was selected, empirically, that was high enough to stop bubbles 
from coming to a stop by themselves, but low enough that the shear rate caused by the flow did not 
lead to observable detachment of adherent bubbles. Shear rates resulting from the flow and their 
effects are discussed later.  
4.3.2. Microbubble and Tube Preparation 
Microbubbles were prepared by sonication (Misonix Sonicator 3000, 21kHz 165W; 30sec) of an aqueous 
suspension of distearoyl-phosphatidylcholine, distearoyl-phosphatidylethanolamine-PEG2000-biotin and 
poly(ethyleglycol)-monostearate saturated with octafluoropropane gas. Lipids  not incorporated into the 
microbubble shells were removed by repeated (5 times) centrifugal washing (4°C; 160 rcf; 4 minutes) of 
the targeted microbubble dispersion in gas-stabilised ISOTON II saline (Coulter Electronic Ltd, 
Bedfordshire, UK) using a desk-top Rotanta 460R bucket-type rotor (Andreas Hettich GmbH, Tuttlingen, 
Germany). The size distribution and concentration of targeted microbubbles was reproducibly 
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determined and returned a mean diameter of 2.4 (±0.4)μm and a concentration of 1.2×10
9
 
microbubbles/ml using optical microscopy (Sennoga et al., 2010). 
To coat the cellulose tubes one end was placed in a streptavidin (Invitrogen Life Technologies Ltd, UK) 
solution at a concentration of 0.25 mg/ml. The solution was taken up by the tube through capillary 
action. The tubes that were intended for use on that day were incubated at room temperature for at 
least 2 hours, and those for use at a later date were stored in a hydrated sealed container at 5 °C to stop 
them from drying out. Before being used in an experiment, the remaining streptavidin solution was 
wicked out of the tube using a piece of tissue paper. The two ends of the tube were then inserted and 
glued into two 25 gauge butterfly needles (246.052, Vygon) thus allowing the tube to be connected to a 
bubble reservoir on one end and a syringe pump (SP210iwZA, World Precision Instruments) on the other. 
Finally, the remaining unbound streptavidin solution was removed from the tube by pumping 2ml of 
sterilised PBS (Sigma-Aldrich Ltd. Dorset, UK) through the tube. This process is required as any remaining 
streptavidin free flowing through the tube at the time of the experiment could potentially block the 
ligands on the targeted microbubbles before they have a chance to find their target.  
4.3.3. Data Analysis 
An in-house MATLAB program was designed to extract the information from the videos collected. The 
objective of the software was to size the bubbles and track their coordinates for the duration of the 
ultrasound exposure. The process for data processing for each video was as follows: 
1. Each adherent bubble was visually identified and three points on the circumference were 
manually selected. From this, the initial size and central coordinates of each bubble were 
calculated. 
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2. On each of the following frames cross correlation was used after thresholding to automatically 
track the movement of each bubble between frames. In the event of the bubbles new position 
successfully being located, the bubbles were automatically sized using automated optical sizing 
software(Sennoga et al., 2010). In the result of the tracking algorithm failing to identify a new 
location, the bubbles were manually sized again as described in step 1. At the end of each frame 
the diameters of each bubble were then reviewed and any automatic sizing errors (such as false 
positives in tracking), were corrected by user intervention. 
3. To reduce the effects of sizing errors in the calculations for forces (due to the bubble moving out 
of focus or moving), a 5 element moving averaging filter was applied to the time sampled sizing 
data. 
4. The data from individual bubbles was then further categorized into two classes; either 
“detachment” when a previously static bubble was observed to move between frames, or 
“survival” when a bubble was unchanged at the end of an ultrasound burst. For each event the 
time of the event, the ultrasound pressure, bubble size, size of its nearest neighbour and 
distance from its nearest neighbour were recorded. For any bubble that detached at lower 
pressure it was assumed that higher pressures would have detached the same bubble. A sample 
of data extracted from a single video is shown in Figure 4-2. 
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Figure 4-2: a) Illustration of the pulse sequence. b) Diameters of bubbles against time. An ‘x’ indicates a detachment event, 
and a ‘o’ indicates a survival event. Bubbles were sized to ±16% of real bubble size. Locations of bubbles are accurate to 
±0.32μm (These values were determined through tests of the sizing carried out on 5μm calibration beads). 
 Finally, a reduction in bubble diameter between observations of more than 20% was recorded as a 
deflation event. As above with the case of bubble detachments, a bubble deflated at a lower pressure 
was assumed to deflate at higher pressures. 
4.3.4. Force Calculations 
The detachment of adherent microbubbles is related to the various forces acting on the microbubbles, 
as well as a number of other factors such as the nature, number, length and relative positions of the 
ligands involved and whether they are under tension or not (Chen and Borden, 2010, Ferrante et al., 
2009). In this study, we concentrate on the calculation of the various forces acting on the microbubbles; 
other factors are discussed in the discussion section.  
4.3.4.1. Use of Experimental Data in Force Simulations 
Data gathered from the video processing, the bubble size and locations are directly used to calculate the 
forces on each bubble. The selection of bubble parameters used for the simulation is as follows. In the 
case of a detachment event, the bubble size and location are used in the video frame before visible 
detachment can be identified. In the case of a survival event, the bubble size and location at the end of 
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the burst survived are used. The bubble radii at these time points are then used to calculate bubble 
oscillations and the incident forces described below.  
When viewed in terms of a translational force, the Bjerknes force is usually considered as an average of 
forces over a complete cycle (hence the time averaging). However, when considering the rupture of 
binding ligands, the processes is a much shorter term event, meaning that the maximum, instantaneous, 
force exerted is more relevant to this study than the mean force over a single cycle. 
4.3.4.2. Shear Forces  
The force of the fluid pushing its way past the adherent bubbles may be enough to remove them from 
their binding site given a large enough flow gradients at the edges of the flow. The general formula for 
shear stress τ for a Newtonian fluid in a pipe is  τ = μ δv δxd  , where μ is the fluid viscosity and v is the 
flow velocity(Batchelor, 2000). The shear forces were calculated by tracking the speed of in focus free 
bubbles across the videos.  
4.3.4.3. Primary Bjerknes Force 
The primary Bjerknes force also known as the acoustic radiation force, describes the translation of an 
object in an acoustic field due to local pressure changes (Crum and Eller, 1970, Leighton, 1990). 
Although the application of this theory in this study is with regard to bubbles, primary Bjerknes forces 
act on any inhomogenities in an acoustic field.  
Given a body with a volume V in a pressure gradient YA the net force applied is the time average of this, 
namely: 
  Fæç = −èVt∇Pr, tê       [4-1] 
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Where è ê denotes an average over time. In the case of the encapsulated microbubbles, the volume is 
time dependant as the bubble oscillates in the acoustic field. Ignoring effects such as shell buckling, shell 
shear thinning etc. this change in volume can be described in terms of the bubble radius R, using an 
extended version of the Rayleigh-Plesset equation to include the basic properties of the bubble shell 
(Doinikov and Bouakaz, 2011): 
 ρ RR + G" R " = p@ + "σM − pì M Gκ − "σ − [μ − [ÊËI − [χ}MI − p@ − Pt [4-2] 
Where ρ is the density of the surrounding fluid, σ is the surface tension, μ is the dynamic viscosity of the 
surrounding fluid, κ is the polytropic constant, κ
s
 is the shell’s dilatational viscosity, χ is the shell’s elastic 
modulus, p0 is the hydrostatic pressure, pv is the vapour pressure inside the bubble and R0 is the initial 
bubble size. As the primary Bjerknes force is being applied to a bubble, equation 4-1 can be rewritten as: 
 Fæç = − [πG RtG  æ®,¡®         [4-3] 
In previous studies (Dayton et al., 1997, Doinikov and Dayton, 2006) the primary Bjerknes force was 
calculated by treating the bubble as a linear oscillator with a known resonant frequency and amplitude 
of oscillation and a time average was performed analytically over one cycle of a continuous wave 
oscillation. This study has taken a different approach; firstly, the microbubbles in the simulation are 
driven by a pulse derived from measured data. This reduces error in the calculation of the simulated 
force. This change also allows for the calculation of instantaneous force as opposed to an averaged force 
over the whole cycle. This fact is used later in calculating the maximum force undergone by the bubble. 
When considering the translation of a bubble, the average force over a cycle is important to show the 
overall translation of the bubble, however, when dealing with the breaking of bonds such as in this case, 
it is the impulse that is the most likely to have an effect. Secondly, due to the proximity of the boundary 
wall, the bubble cannot be simply viewed as a linear oscillator with a known resonant frequency. 
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Therefore, in calculating the extent of the primary Bjerknes forces, the radius-time curve is calculated 
for each bubble and put into equation 4-3 where the resulting force is given as the mean of FPB observed 
over a single oscillation. In order to take into account the effect of the boundary on the oscillations of 
the bubble, a further term was added to equation 4-2 using image bubble theory (Doinikov et al., 2009b).  
ρ RR + G" R " = P@ + "σM − Pì M Gκ − "σ − [μ − [κËI − [χ}MI − P@ − Pt − ÖRR + 2R "× ρβ"í   
           [4-4] 
Where x is the distance of the bubble centre from the boundary, and β is the percentage of the pressure 
reflected off the boundary that interferes with the bubble. β was set to 0.2 based on a similarly 
motivated simulation carried out on a similar experimental setup (Garbin et al., 2011) and x was set to 
R0. As for the properties of the bubbles themselves, κ
s
 was 5x10
-9
N and χ, 0.1Nm
-1
. These values were 
obtained by matching the simulated results to experimental measurements of attached targeted 
microbubbles obtained through single bubble acoustic experiments under the same conditions (Casey et 
al., 2012).  
4.3.4.4. Secondary Bjerknes Forces 
The secondary Bjerknes force occurs due to the pressure changes between two oscillating objects (Crum, 
1975, Leighton, 1994). When they oscillate in phase, a negative pressure gradient between the objects is 
formed attracting them together, however when they oscillate out of phase a positive pressure gradient 
is formed repelling the two oscillators away from each other. A formula for the secondary Bjerknes force 
is given by: 
  Fîç = − [G πρR#G  III^ IIIïI       [4-5] 
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Where R1is the radius of the bubble the force is being acted upon, R2 is the radius of a bubble 
neighbouring R1 and d is the separation between the two bubbles. Again as with the primary Bjerknes 
forces the Rayleigh-Plesset equation (equation 4-4)) was used to calculate the oscillations of the 
microbubbles given the derived shell properties as detailed in the previous section and the measured 
acoustic pulse. Equation 5 can be used to calculate the instantaneous force that the bubble undergoes 
and not just a time-averaged force over a single cycle. Although in the data gathered there were 
multiple bubbles at any one point in time, only a single nearest neighbour was used to calculate the 
secondary Bjerknes force. Even though groups of bubbles do show secondary Bjerknes forces between 
them, the calculation of the complex interactions that create the pressure fields between several 
neighbouring bubbles is beyond the scope of this study. It is worth noting that the secondary Bjerknes 
force between two bubbles is inversely proportional to the square of the distance between them, 
resulting in a significant reduction in the influence of neighbouring bubbles at greater distance. 
4.3.4.5. Bubble Oscillation Forces 
The bubble oscillates due to the imbalance of various forces acting on it. The right hand side (RHS) of 
equation 4-4 describes the summation of the various pressures acting on a bubble which results in the 
motion of the bubble and its surrounding fluid (the left hand side (LHS) of equation 4-4). Such oscillation 
moves the bubble shell and the associated force may be able to stretch and break the bonds between 
the bubble and the wall. In this document, we have named this force the bubble oscillation force as it 
comes into play through the inertia of the surrounding fluid when the bubble is under oscillation. The 
magnitude of this force acting on the wall of the bubble  as it expands and contracts is the product of 
the pressure due to the fluid inertia (LHS of equation 4-4) and the bubble cross-section and is described 
by equation 4-6,     
  Fð¨¿ = πR" RR + G" R " ρ      [4-6] 
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This equation was derived by integrating the inertia forces over the bubble in a similar fashion to 
calculating the surface tension by summing the local forces making it up (Leighton, 1994). Although this 
oscillation force is not the same as the actual force acting on the ligand when the bubble oscillates, 
calculating such force can still offer an indication of the scale of the force involved.  
 
Figure 4-3: Oscillations and associated oscillation forces experienced by a 3μm bubble. Positive forces correspond to an 
expansion, while negative forces correspond to a compression. 
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4.4. Results 
4.4.1. Description of the overall data set 
The experiment detailed in the methods section was carried out a total of 42 times and a total of 229 
bubbles were identified and tracked. From these experiments, 1894 detachment events were generated 
using the process described in section 4.3.3.  
4.4.2. Detachment in Single Bubble Environments 
From 1894 separate events taken from the data set, 367 cases were highlighted where a bubble was 
isolated in the experiment. This includes situations where: 
1. There was only one bubble in the experiment from the start, or, 
2. All other bubbles at the start of the relevant ultrasound burst have been destroyed or have 
detached and vanished from view, or, 
3. There is no bubble within a 20 radii zone around the bubble (the distance at which bubble-
bubble interactions are considered to be negligible (Garbin et al., 2009)).  
The motivation for analysing this subset of the data is to examine the detachment of bubbles without 
influence of the secondary Bjerknes forces. 
 
Figure 4-4: Cumulative rate of bubble detachment for increasing acoustic pressures on single adherent bubbles error given is 
standard error across each video. 
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Figure 4-4 demonstrates the effect of increasing acoustic pressure on the detachment of targeted 
bubbles. The y-axis of this graph is calculated using equation 4-7: 
  Fraction of Bubbles Detached =  öÀ.À÷ ï¬¡¾¿øy¬r¡ ¬ì¬r¡¨ùÀ¡¾ú rÀ.À÷ ¬ì¬r¡¨    [4-7] 
It can be seen that even with pressures between 151kPa and 225kPa more than half of the adherent 
microbubbles detach. This fraction of detachment increases to 96% at pressures between 301kPa and 
375kPa.  
4.4.3. Detachment in Multiple Bubble Environments 
1518 multiple bubble events were recorded and analysed. In these cases, bubbles are affected by 
secondary Bjerknes forces in addition to those forces acting on isolated bubbles.  
Comparing the single and multiple bubble environments, a 2 way t-test shows a significant difference 
between the detachment for single and multiple bubbles in the pressure range of 226kPa < P < 300kPa.  
 
Figure 4-5: Detachment rates for increasing pressures. : Single bubble environments, : Multiple bubble environments. 
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4.4.4. Deflation of Targeted Microbubbles 
Out of the 794 survival events identified, 202 were found to be in single bubble environments, and the 
remaining 592, were in multiple bubble environments. The rate of deflation for the attached bubbles is 
shown in Figure 4-6.  
                    Fraction of Attached Bubbles ôeûlated =  öÀ.À÷ ï¬ûú¾¡Àr ¬ì¬r¡¨ùÀ¡¾ú rÀ.À÷ ¬ì¬r¡¨    [4-8] 
 
Figure 4-6: Deflation rates for attached bubbles at increasing pressures. : Single bubble environments, : Multiple bubble 
environments. 
Note that deflation is treated to be completely independent from detachment as an event, and so while 
all bubbles started off attached, some bubbles stayed in place and some became detached during the 
deflation process as stated in section 4.3. Statistically, no significant difference was found to exist 
between the single bubble and multiple bubble environments. 
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4.5. Discussion 
In this study the effects of low amplitude ultrasound on adherent microbubbles were found to be 
significant. Both detachment and deflation of adherent microbubbles were observed. Specifically the 
detachment of bubbles was found to be the most significant effect, affecting the majority of the 
adherent bubble population at pressures from as low as 151kPa. To obtain some further insight into the 
mechanisms of bubble detachment, the magnitude of the various forces acting on each of the observed 
bubble was calculated and their effects discussed. 
4.5.1. Effects of the forces in bubble detachment 
 
 
Figure 4-7: Number of adherent bubbles detached verses primary Bjerknes force on single adherent bubbles. 
Figure 4-7 displays the link between the primary Bjerknes force and detachment rates for the set of 
single bubbles. In the experiment, the tube was placed perpendicular to the direction of the acoustic 
field, meaning that the direction of the primary Bjerknes force experienced by each bubble was across 
the tube, i.e. perpendicular to the wall the bubbles were bound to. Any change in the ultrasound field’s 
orientation would lead to a change in the direction of primary Bjerknes forces and have an effect on the 
detachment levels. While on this note, it is worth discussing the relationship between the two forces. 
The shear force acting on a bubble is directly dependant on the cross sectional area, and so the larger 
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the bubble the larger the force acting on it. Whereas the primary Bjerknes force depends on whether 
the bubble is being driven at resonance and the pressure it is exposed to. The larger the volume of the 
oscillations the larger the force that the bubble experiences.  
Figure 4-8 presents the results overlaid on a simulation showing the primary Bjerknes forces over a 
range of bubble sizes and pressures. The figure shows that the resonant bubbles are the first to be 
detached whilst those far away from resonance remain resilient. This has particular implications for the 
clinical use of targeted microbubbles, as under some clinical investigative pressures (around 0.2MI) 89% 
of the targeted bubbles at resonance (i.e. also corresponding to those visible under ultrasound) will 
become detached under the same orientations as those used in this experiment. It is worth noting at 
this point that when targeted microbubbles have been attached using acoustic radiation force, the 
primary radiation force is pushing the bubbles into the wall and so this associated detachment will not 
be present. However, in this situation other forces including secondary Bjerknes forces will still 
contribute to the detachment of targeted microbubbles. 
 
Figure 4-8: Simulated primary Bjerknes force (colour bar) vs. acoustic pressure and bubble radius. Black lines display the 
experimentally observed detachment rates. 
It is worth comparing the primary Bjerknes force as an averaged and an instantaneous force. For a 
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maximum force undergone is 1.3nN, several orders of magnitude higher. 
 
Figure 4-9: Detachment rates against the sum of both primary and secondary Bjerknes forces. 
While secondary Bjerknes forces have an influence on bubble detachment, it is not possible to isolate 
the individual forces acting on the bubbles, especially in the situation where bubble-bubble interactions 
are occurring. Therefore, the detachment of bubbles must be considered in terms of the sum of both 
the primary and secondary Bjerknes forces when considering the acoustic forces. Figure 4-9 shows an 
increasing rate of detachment with increasing total Bjerknes force. Another mechanism that may 
contribute to the detachment of microbubbles is the violent bubble oscillations breaking the ligand 
bonds. This kind of effect would be dependent on the resonant behaviour of the microbubble itself, 
similar to that of the primary Bjerknes forces making the two effects indiscernible. Also in situations 
where there are multiple bubbles together increased oscillations from multiple scattering could also 
explain increased detachment rates.  
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Figure 4-10: Instantaneous oscillation force against detachment rates. : Single bubble environments, : Multiple bubble 
environments. 
The results for the oscillation forces show that the magnitude of the oscillation force in this experiment 
was much higher than that of the Bjerknes forces.  
 
Figure 4-11: Relationship between Oscillation forces and Bjerknes forces for individual detached bubbles. The dotted line 
denotes equal magnitude in both forces. 
Three forces involved in the detachment of microbubbles have been studied; namely, primary and 
secondary Bjerknes and oscillation forces, while the effect of shear forces was minimised in this study. 
The oscillation force is calculated to be much larger than the Bjerknes forces, but the effect of this 
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oscillation force is shorter in time scale than the other forces as it does not have a net effect over cycles. 
The contribution of each force to bubble detachment is related to both the force magnitude and the 
time scale. If some ligands are folded in the beginning (under zero tension), it might take the 
shear/Bjerknes forces to unfold the ligands and put them under tension before the oscillation force can 
break the bonds. When it is considered that the strength of the biotin-anadin bond used for these 
experiments is 200pN per bond, each of the forces that have been presented are strong enough to have 
caused detachment. It is also worth noting that the biotin-anadin bond is generally considered to be one 
of the strongest biomolecular bond types. This means that the forces required to cause detachment in 
clinical environments is likely to be smaller. 
4.5.2. Implications of Bubble Deflation and Detachment 
Attached microbubbles were observed to deflate with increasing rates as acoustic pressure was 
increased, with more than 50% of bubbles experiencing deflation to some degree for pressures greater 
than 300kPa. This has major implications for molecular imaging as, if this reaction was observed 
acoustically via an ultrasound scanner, it could give the appearance that the bubble has been destroyed 
as its scattering profile is reduced to the point that it is no longer visible. These bubbles could then 
remain in place and invisibly occupy binding sites. This would introduce a bias in the quantification of 
molecular imaging, were the number of microbubbles bound to a site is compared across studies. The 
same implications can be said to be true when considering bubble detachment; when a bubble detaches 
the remaining parts of the bubble may stay in place stopping another bubble taking position at the site. 
On top of this, any movement of a bubble away from the site reduces its effectiveness as a molecular 
imaging agent.  
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4.5.3. Limitations  
In this study, the orientation of the ultrasound field generates a primary Bjerknes force that shears the 
bubble against the vessel wall. Changing the orientation of the ultrasound field would change the 
direction of the primary Bjerknes forces. If for example the primary Bjerknes forces were pushing the 
bubble normal to the wall they are bound to, the effect of the primary Bjerknes force on detachment 
will be considerably lower than that reported in this study. 
Another limitation in this study is that the equations used to calculate the oscillation force do not take 
into account the kind of translational and/or asymmetrical oscillation that a bubble undergoes when in 
the vicinity of a vessel wall(Vos et al., 2008). Therefore, further studies such as FEM modelling of 
targeted microbubbles adherent to a wall would be required in order to obtain further insight into the 
detachment process. 
Although some targeted microbubble were exposed to ultrasound on multiple separate occasions, the 
time between pulses (one thirtieth of a second) and the gap between bursts (half a second) is long 
comparing to the oscillations and gas diffusion process. However, as far as the strength of the bond is 
concerned one could argue that an attached microbubble has been ‘massaged’ by the previous lower 
power bursts causing a detachment, where originally the bubble would have stayed attached. While this 
is a limitation in the experimental design, the experiment was carried out in this way to improve the 
efficiency of data collection, as it was deemed impractical to expose each microbubble to only a single 
burst. However, it should also be noted that the inclusion of multiple event data from the same 
individual bubbles has unknown implications on the statistical independence of the data and further 
independent measurements maybe needed to confirm the statistical findings. 
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4.6. Conclusion 
This study investigated the effect of an ultrasound field on adherent microbubbles. It was shown that at 
very low acoustic pressure (< 75kPa) around 90% of adherent bubbles remained unaltered under flow. 
However, a significant amount of adherent bubbles were detached and/or deflated as the pressure was 
increased. At pressures> 300kPa 96% of the bubbles detached. Three separate forces acting on the 
bubbles were investigated regarding their role in the process of bubble detachment. The force from 
bubble oscillations was found to be the largest force acting on the attached bubbles. At acoustic 
pressures (pressure=226kPa~300kPa) more adherent bubbles detached when there was a close 
neighbouring bubble, suggesting a role of multiple scattering and secondary Bjerknes Force in bubble 
detachment. Finally, 56% of attached microbubbles were found to deflate when insonated at pressures > 
300kPa, although, no difference was found in the deflation of single and multiple bubble environments. 
The recommendations of this study are that targeted microbubbles should be imaged with a low 
pressure as possible in order to minimise the adverse effects of ultrasound.  
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5. Dual Transducer Manipulation of Ultrasound 
Contrast Agents 
5.1. Summary 
The work in this chapter attempts to explore a possible means to increase the binding efficiency of 
targeted ultrasound contrast agents in regions of the body not normally accessible via standard acoustic 
radiation force techniques. This chapter details the production of a simple one-dimensional acoustic 
manipulator made from the focusing of two transducers on the same point in space. The strength of 
such a technique is that it is easy to implement on a standard phased transducer array as used in clinical 
scanners. Simulations were carried out using the FIELD II transducer simulation package to model 
pressure fields, with the Bjerknes forces experienced by a bubble simulated in three dimensions. 
Simulations predicted the motion of bubbles at the focus of the transducer, when insonating with the 
two transducers driven either in phase or out of phase. This was followed by experiments conducted on 
microbubbles in a 200µm tube and the results were recorded optically. Results confirmed the action of 
manipulation and demonstrated the feasibility of using such a novel technique. 
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5.2. Introduction 
For targeted drug delivery and molecular imaging using ultrasound and contrast agents, systems are 
needed to increase binding efficiency by getting the agents to where they are needed. In the field of 
ultrasound contrast agents, there have been two main ways of aiding binding efficiency. Firstly, agents 
have been engineered to allow them naturally to find their binding sites by customising their size and 
shape. For example deformed bubbles have been produced giving them a larger surface area with which 
to bind (Rychak et al., 2006). Also, nanodroplets have been engineered to be small enough to enter the 
gaps in between cells where they are retained (Rapoport et al., 2007). Secondly, using external means to 
guide the agents where they are needed. Magnetic nanoparticles have been added to the shells of 
microbubbles so that in the presence of a magnetic field they can be guided to where they are 
needed(Stride et al., 2012). The method most commonly used to aid in the binding of targeted agents is 
acoustic radiation force (Zhao et al., 2004a, Rychak et al., 2005). The bubbles are pushed into contact 
with a surface that they could potentially adhere to. The limitation of this technique is that the acoustic 
radiation force is predominately in one direction, i.e. the same direction to which the ultrasound 
transducer producing the acoustic field is aligned. This means that there are potentially surfaces of 
vessel walls that are not accessible to the contrast agents in areas of vessel bifurcation and vessel walls 
on the near side of the lumen from the transducer. It is the aim of this study to investigate ways of using 
acoustic radiation force to increase the binding efficiency of targeted microbubbles using the acoustic 
setup available in standard ultrasound scanners. 
The displacement of a bubble in an acoustic field is proportionate to the gradient of the pressure in that 
field(Leighton, 1994). Therefore, it was hypothesised that if two ultrasound transducers were focused 
onto the same point in space and their fields were controlled to interfere constructively (i.e. triggering 
both in phase) or destructively (i.e. triggering both out of phase), a strong lateral pressure gradient could 
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be formed creating the displacement of bubbles in that direction. This study will show, through 
experimentation and the mathematical modelling of the displacement of bubbles in the fields, the 
effectiveness of the proposed system. 
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5.3. Investigation into the Acoustic Radiation Forces from the Dual Beam Field 
Any body in an acoustic pressure field experiences a force due to the surrounding pressure gradients. 
This force is commonly referred to as the acoustic radiation force. When dealing with bubbles, this force 
has a special definition and is known as  the Bjerknes force, in recognition of its discoverer (Bjerknes, 
1906). As this study is focused on the translation of bubbles this force shall be referred to as the 
Bjerknes force in this text. Bjerknes forces can manifest themselves through two mechanisms. Firstly, 
when a body is in an acoustic field, the body is moved in the direction of the pressure gradient. This is 
known as the primary Bjerknes force. Secondly, when two bodies oscillate in phase a potential well is 
created between the two bodies attracting them together. Conversely, when the two bodies are 
oscillating out of phase, a large pressure is formed between them pushing them apart(Doinikov, 2001).  
5.3.1. Primary Bjerknes Forces Continued 
This section extends the basic introduction to primary Bjerknes forces started in chapter 2.2.1, adding on 
to the theory in the context of the further analysis required for this chapter. Rather than discussing the 
forces being exerted on a body it is much more useful to look at the actual translation of the body over 
time, in order to track their motions. For shell free bubbles in a weakly compressible fluid, inter linked 
equations for the radial oscillations and translations have been derived for this purpose (Doinikov, 2005, 
Mettin and Doinikov, 2009), namely: 
RR + G" R " =
#
¿ H + G for radial oscillations,      [5-1] 
mx + "G ρ
ï
ï¡ RGx = −
[
G RG

í P¬íx, t + Fï®¾ü  for translations.   [5-2] 
Where:  
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G = í I[ +
#
 ÎP@ +
"ý
 Ñ
M}¾
 }¾Ò
þ
− "ý − 4η

 − P@ − P¬íx, tÏ,   [5-3] 
H = R"R + 6RR R + 2R G ≈ R ïï¡ + 2R ÖRR + R "×,    [5-4] 
Fï®¾ü = − " CρR"xx ,        [5-5] 
C = #¬ 
1 + 
	
¬ +
#
" Ö1 + 3.315Re}# "Õ ×
}#     [5-6] 
Re = "í           [5-7] 
c is the speed of sound in water, m is the mass of the bubble, Pex is the acoustic pressure, R(t) is the 
radius of the bubble, P0 is the hydrostatic pressure, Fdrag is the force of the viscous drag, x is the position 
of the centre of the bubble in space, CD is the drag coefficient, Re is the Reynolds number, σ is the 
surface tension, ρ is the density of the surrounding fluid, η is the viscosity of the fluid surrounding the 
bubble, a is the radius of the van der Waals hard core and γ is the ratio of specific heats of the gas. 
As this equation does not include the bubble shell properties describing the effect of the encapsulating 
shell on the oscillations of microbubble contrast agents, these equations were modified to include the 
effect of the shell on the bubble translation. While this has already been done to match the translation 
of a contrast agent with a shell using a finite thickness model (Doinikov and Dayton, 2006), a new model 
using the thin shell model usually applied to lipid shell microbubbles (Doinikov and Bouakaz, 2011) was 
applied in order to comply with previous bubble modelling work. The reason for selecting this approach 
was that the shell parameters for the microbubbles used experimentally had already been calculated 
based on the thin shell model approach. Based on this approach, the simplest model possible was 
chosen, including shell viscosity and elasticity, but ignoring material properties that are harder to 
parameterise such as shear thinning, strain softening etc. as these affects are still not fully understood 
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and vary from bubble to bubble. In order to include the shell parameters G in Equation [5-3] was 
extended to: 
G = í I[ +
#
 ÎP@ +
"ý
 Ñ
M}¾
 }¾Ò
þ
− "ý − 4η 

 − 4χ
}M
I − 4κ¨

I − P@ − P¬íx, tÏ [5-8] 
Finally, as this work is devoted to exploring the translation of bubbles in complex acoustic fields, the 
equations for translation were extended into dealing with translation over three dimensions and not just 
the single one described in the initial equations. This means expanding our single translations variable ‘x’ 
into three dimensional Cartesian coordinates, i.e. (x,y,z). While the equation for the bubble radial 
oscillations stays almost the same with only a minor modification to G: 
G = í I^ I^ I[ +
#
 ÎP@ +
"ý
 Ñ
M}¾
 }¾Ò
þ
− "ý − 4η 

 − 4χ
}M
I − 4κ¨

I − P@ − P¬íx, y, z, tÏ, [5-9] 
Each of the translational equations needs to be split up and solved separately depending on its 
respective component: 
mx + "G ρ
ï
ï¡ RGx = −
[
G RG

í P¬íx, y, z, t + Fï®¾üx      [5-10] 
my + "G ρ
ï
ï¡ RGy  = −
[
G RG

 P¬íx, y, z, t + Fï®¾üy     [5-11] 
mz + "G ρ
ï
ï¡ RGz  = −
[
G RG

 P¬íx, y, z, t + Fï®¾üz      [5-12] 
5.3.2. Simulations  
Equations 2-3, 5-4,5-5,5-6,5-7 and 5-9 were coded into MATLAB scripts. Equations 2-3 and 5-10 to 5-12 
were solved using a 4
th
 order Runge-Kutta solver, with the results from the radial oscillation equation 
(Eq. 2-3) forming the input to the translation equations (Eq. 5-10 to 5-12). The pressure gradient used in 
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the translation equation is calculated using common variables as used in all simulations and given below 
in Table 5.1: 
Property c a γ η ρ P0 m
[1] 
σ κs
[2] 
χ
[2] 
Value 1481ms
-1
 
R@ 8.54d  1.4 0.001Pas 1000kgm
-3 
101.3kPa 4π
3 R@
Gρ 0.05Nm
-1 
5x10
-9
N 0.1Nm
-1
 
Notes:  
1
 While the mass of the bubble itself may be negligible, the inertial mass of the bubble associated with the translation is equal 
to the volume of the liquid displaced(Leighton, 1994). 
2
 The shell properties of the bubble were inferred through fitting radius-time curves onto experimental data taken from single 
bubble acoustic experiments(Casey et al., 2012). The resonant size for bubbles from this experimental set was R0 = 1.8μm.  
5.3.2.1. 1D Example – Standing wave 
As stated in the introduction, most acoustic tweezer devices are designed around manipulating particles 
using standing waves created either between two opposing acoustic sources or a single unfocused 
acoustic source being reflected 180 degrees back towards itself. Given a standing wave defined as 
Px, t = Py¾í sinÖ2πft + π 2d ×cos2πfx cd  , where f=2MHz, and Pmax=100kPa, the translational 
response of particles in the field was investigated. A spatial plot of the standing wave is shown below in 
Figure 5-1. 
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Figure 5-1: Time snapshot of a standing wave at t=0. Anti-nodes are located at x = 0mm, 0.37mm, 0.74mm, 1.11mm etc. and 
nodes being at x = 0.19mm, 0.56mm, 0.93mm etc. All particles started from x = 0.66mm as shown by the arrow in the figure. 
Simulations were performed for four bodies, a 1μm and a 2μm encapsulated bubble, and a 1μm and 
2μm rigid bubble. For the rigid bubbles simulations were performed using the translation equations 
(Eq.5- 10-12) however as the volume of the rigid bubbles is constant the Rayleigh-Plesset equation that 
is used for calculating the radial bubble oscillations (Eq. 2-3), was replaced with a constant, ie 
R = R@, R = T*wn*R = T. The results for the translation of the four bubbles described above are given 
in the figure below: 
 
Figure 5-2: Translation for 1μm(blue) and 2μm (red) encapsulated bubbles (solid line) and rigid bubbles (dashed line)in a 
2MHz standing wave. All bubbles started at 0.66mm from the source. The black dashed line shows the finishing position of 
the 1μm rigid bubble, rigid bubble, arriving at 0.01s. 
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The response of each body shows striking differences. First, starting with the rigid bubbles, while each 
bubble was translated to the same anti-node after passing through the closest node, the time taken to 
get there differed. The primary Bjerknes force is proportional to both the volume of the body in the field 
as well the pressure gradient. As the 2μm bubble has a larger volume, the corresponding Bjerknes force 
is larger, resulting in a faster translation. In the case of the encapsulated bubbles, the 2μm-sized bubble 
is closer to the resonant size for 2MHz meaning that it experiences a much greater Bjerknes force. 
Another difference between the two bubbles is the final location. The 1μm bubble translated to the 
nearest anti-node, while the 2μm bubble moved to the nearest node. This is correct with the primary 
Bjerknes forces experienced by bubbles, where bubbles smaller than resonance are translated towards 
the nearest anti-node, while bubbles larger than resonance are translated towards the nearest 
node(Leighton, 1990).  
5.3.2.2. 1D Example - Sine Wave 
The same four bodies were next simulated in a moving sine wave, such as the field generated by a non-
focused ultrasound transducer. The formula for the acoustic field is given as: P Ñt + í¿ < TÒ =
T, otherwise*Px, t ≥ T = Py¾í*sin* Ñt + í¿ 2πfÒ, where Pmax = 100kPa and f = 2MHz.  
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Figure 5-3: Translation of 2 rigid bubbles (top) and 2 encapsulated bubbles (bottom) each subjected to 20 continuous cycles 
from a sin wave, Pmax = 100kPa, f = 2MHz. 
 In this case the rigid bubbles experience only several nanometres of translation before starting to 
oscillate around x = 0. This result is highly expected as shown in Figure 2-1, due to the symmetrical 
primary Bjerknes force between both the positive and negative phases of the sine wave.  
The encapsulated bubbles, due to the non-linearity in their oscillations have both experienced 
permanent translations from their original positions. The reason for this translation is explained in 
section 2.2.1. Again, as with the standing wave case, the Bjerknes force experienced by the 2μm bubble 
is greater resulting in a larger translation over the period of time.  
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5.3.2.3. 2D Example – Field II 
For the next set of simulations, the Field II (Jensen and Svendsen, 1992, Jensen, 1996) ultrasound system 
simulation package was used to generate 2D fields in MATLAB, simulating acoustic emissions 
representative of real ultrasound transducers. In each of these examples, the lateral and axial primary 
Bjerknes force has been plotted in order to understand the force relative to the transducer’s frame. In 
the cases where two transducers are present, the Bjerknes forces have been given at a line 
perpendicular to the angle at which the two transducer beams intersect. The Bjerknes force was 
calculated using the parameters in Table 5.1, using Equation 2-4, taking the pressure gradients and 
pressures directly from the Field II simulation results. 
Before the results of these simulations are displayed, it should be noted that there are issues with the 
implementation of the memory management system used within Field II which limit the length of time 
step available to use in computation. As a result, this has led to some numerical errors in some of the 
results in the areas away from the exact focus where the resulting beam profile is complex. However, 
clear trends in the Bjerknes forces can be seen in the region of interest, these results have been deemed 
significant for illustrative means.   
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Single Transducer 
 
 
Figure 5-4: a) Pressure distribution from a single ultrasound transducer (25mm in radius, focus at 50mm, 3.5MHz at 100kPa) 
b) Graph depicting the Bjerknes force on a 3μm bubble from each position after a single cycle of ultrasound. The black line in 
a) shows the measurement axis, with the red and blue arrows giving the directions of positive axial and lateral forces 
respectively. Note that this plot is zoomed in considerably on the focal area. 
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The simulation of the forces given in Figure 5-4 shows that both the axial and lateral Bjerknes force 
experience by the bubble are very much dependant on the location of the bubble in the acoustic field. 
The magnitude of both the lateral and axial forces are dependent on the local variations in pressure 
gradient. Examining the trend in the lateral forces first, there is a positive force for positive lateral 
positions and negative forces for negative positions. This results in a motion of the bubbles away from 
the focus. Conversely, the axial force can be seen to be in the same direction as that of the transducer 
(as it is always positive) with a larger force as the distance from the focus increases. While the pressure 
at the focus is the largest, the change in pressure at this point is lower compared to the region preceding 
and proceeding it. Consequently, the axial Bjerknes force in areas preceding and proceeding the focus is 
larger. 
While the difference in the local axial Bjerknes forces is interesting, the ability to manipulate the motion 
of bubbles is limited to only the direction that the transducer is pointed in. This means that multiple 
transducers will be needed to provide differing motion patterns for bubbles. 
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Dual Transducers- Transducers in Phase 
In this set of simulations, two identical transducers were position 90 degrees apart and positions so their 
beams intersect at the same point in space. The two transducers were fired in phase with each other 
creating a maximum at the focus of the two.   
 
 
 
 
 
 
 
Figure 5-5 a) Pressure distribution from two ultrasound transducers fired in phase (25mm in radius, focus at 50mm, 3.5MHz 
at 100kPa) b) Graph depicting the Bjerknes force on a 3μm bubble from each position after a single cycle of ultrasound. The 
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black line in a) shows the measurement axis, with the red and blue arrows giving the directions of positive axial and lateral 
forces respectively. Note that this plot is zoomed in considerably on the focal area. 
Figure 5-5 shows the Bjerknes force along the measurement axis given in a). In this case, the direction of 
the axial force has now shifted to one perpendicular to the line of intersection between the two acoustic 
fields. Also, a lateral force has now manifested itself, pushing the bubbles in the simulated focal area to 
the right relative the axial direction of the transducers. For the same reasons as described for the single 
transducers, the forces at the focus are smaller than that of the surrounding area. 
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Dual Transducers- Transducers out of Phase 
In this simulation the identical transducers were positioned at 90degrees with the two foci overlapping. 
The transducers were fired 180 degrees out of phase creating destructive interference at the focus of 
the two transducers.  
 
 
 
 
 
 
 
 
 
 
Figure 5-6 a) Pressure distribution from two ultrasound transducers fired out of phase (25mm in radius, focus at 50mm, 
3.5MHz at 100kPa) b) Graph depicting the Bjerknes force on a 3μm bubble from each position after a single cycle of 
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ultrasound. The black line in a) shows the measurement axis, with the red and blue arrows giving the directions of positive 
axial and lateral forces respectively. Note that this plot is zoomed in considerably on the focal area. 
This case is similar to the in phase dual transducer case for the axial forces, however, the direction of the 
lateral Bjerknes forces has now shifted from negative to positive, meaning that instead of the bubbles in 
the field travelling to the right with respect to the axial direction, they now all shift to the left. 
These simulations has revealed interesting results and a potential method of moving bubbles using the 
acoustic field. In order to validate the simulated results in this section it is next pertinent to 
experimentally create the conditions simulated in this section. The next section details this experimental 
setup and is followed by the experimental results.   
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5.4. Experimental Methods 
 
 
 
 
 
 
 
 
 
 
 
In order to achieve a variable acoustic field, two identical 3.5MHz focused ultrasound transducers with a 
focal length of 50mm (Panametrics V380, Olympus) were focused onto the same point in space that a 
x40 immersible objective (LUMPlanFL 40x, Olympus) had been focused. In order to obtain the delicate 
level of alignment required, first a 100μm piece of wire was attached to the three-way stage that later 
the capillary tube will be placed on (see Figure 5-7). The three-way stage was adjusted so that the tip of 
the wire was placed in the focus of the transducer not attached to a translational stage. This transducer 
was linked directly to a pulser/receiver (Panametrics-NDT 5800) set to transmit/receive mode and a 
digital oscilloscope (Sony Tektronix TDS7154) so that the exact focus could be found. Next, while leaving 
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Figure 5-7: Experimental setup for bubble manipulation equipment. 
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the piece of wire in place, a second transducer was moved into focus on the end of the wire. The 
microscope objective was adjusted so that the tip of the wire could be viewed on the digital camera 
(Powershot A95, Canon). Finally, the piece of wire was removed and the transducers were checked 
again to make sure that no object lies in the beam at the distance of the focal area. No change in the 
received signal after the wire has been removed would mean that the transducer has been focused on 
another piece of equipment in the water tank and not on the tip of the wire. This alignment process is 
important as it ensures that the ultrasound transducer focal areas are overlapping, allowing for accurate 
control of the acoustic field at that point, but also it enables a direct observation of the effects of the 
acoustic field through the microscope objective and recording through the digital camera. Later checks 
on the alignment of the transducers and microscope objective were performed by firing each transducer 
separately and making sure that microbubbles present in the tube moved in the direction expected. 
Note that while the viewable area of objective is only 0.2mm by 0.2mm, the focal areas of the 
transducers are around 1mm by 1mm, meaning that the transducers have an effect much larger than is 
actually viewable. 
In house prepared lipid microbubbles (as described in section 4.3.2) were delivered to the focal area 
through a 200μm inner diameter cellulose tube (RC55 8/200 Membrana GmbH), chosen as it is both 
optically and acoustically transparent. The tube was attached to a three-way stage used to both scan up 
and down the tube for areas of interest and move the tube up and down to allow for focusing. The 
cellulose tube was then glued onto two 25G butterfly needles (246.052, Vygon) and connected to a 
syringe pump (SP210iwZA, World Precision Instruments). While no flow was used in the experiment 
itself, the syringe pump was used in withdraw mode to suck up bubbles from the opposite end of the 
tube. 
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Each ultrasound transducer was connected to its own power amplifier (E&I 2100L) and arbitrary wave 
generator (Sony Tektronix AWG2021) set to output 50 sine wave cycles at 3.5MHz, all being triggered 
from the sync output of the pulser/receiver. The pulser/receiver was set to trigger at 500Hz 
corresponding to an output pulse repetition frequency of 500Hz. Each ultrasound transducer was only 
used with a single power amplifier/ AWG combination to ensure repeatability in the ultrasound outputs, 
and was calibrated using a needle-hydrophone (HPM1/1 Precision Acoustics, Dorset, UK). Before 
starting an experiment using both transducers, each transducer was fired separately to verify alignment. 
When both transducers were fired together, they were done so either in phase or 180° out of phase and 
the resultant bubble motion was observed and recorded through the digital camera. The phase 
alignment of the acoustic wave generators was confirmed by connecting their outputs to a digital 
oscilloscope and checking that they both match up. 
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5.5. Results and Discussion 
The experimental setup described in Figure 5-7, was used successively on bubbles contained 
within the tubes. The images displayed in this section are top down microscope images taken 
from digital videos recorded through the digital camera. While this experiment was repeated 
numerous times using various tube and transducer alignments, samples from this set that 
portray characteristic results have been selected for this section. For the set of images given in 
this study transducer 1 was located in the 6 o’clock position and transducer 2 was located in the 
4 o’clock position respectively. Each section contains images that have been created by 
overlapping several frames together in order to display the relative motion of bubbles in a 
single image. Arrows have been used to show the direction of that motion, to avoid confusion 
in images where multiple bubbles are present. Due to the grouping of bubbles that occurs when 
in an ultrasound field, in many cases multiple bubbles are being manipulated. However once 
these bubbles are free from the vicinity of other bubbles their motion is the same as a single 
bubble. 
104 
 
5.5.1. Single transducer motion 
 
 
Figure 5-8 Example summed image showing the motion of two bubbles relative to two separate but identical insonations. 
The blue arrow depicts motion due to one transducer and the red arrow motion due to the other. 
In 100% of cases the bubbles present were moved in the axial direction of the single transducer 
insonating them. This is as predicted by both the general theory and by the simulation conducted in 
5.3.2.3. However, slight variations in the directions travelled can be seen in Figure 5-8. While this change 
of direction is not insignificant, in the case given, it can be explained by differences in the curvature of 
the tube affecting the bubble motion as well as affects from secondary Bjerknes forces from other 
bubbles. As the focal depth of the camera being used is small, all of the bubbles being imaged are in 
close contact with the tube wall due to buoyancy. When the bubbles are force to move, their motion 
will be in along the axis of the transducers but in the direction of least resistance. When in contact with 
the curved tube wall, this motion is not necessarily in line with the transducer. 
Transducer 1 Transducer 2 
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5.5.2. Dual transducer in-phase motion 
 
 
 
Figure 5-9 Summed image portraying motion of bubbles subject to in phase dual transducer insonation. 
Insonation of a bubble or a group of bubbles with the in phase dual transducer system produced the 
following results: 
1. The bubble or group of bubbles translated to the right before coming to a halt after travelling a 
certain distance.  
2. After the transducers were refocused on the bubble’s new position by translating the tube into 
the transducer beam focus, the bubble continued to travel to the right with the same trajectory 
as before.  
These results agree with those predicted by the simulations. As the bubble is insonated, it travelled 
through the acoustic field to the right relative to the transducers. After travelling a short distance, the 
Transducer 1 Transducer 2 
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bubble left the focus of the transducers and so reduced in velocity. However, when the bubble was 
placed back in the focus of the transducers, the original motion continued. Although, there should be 
some axial translation involved as well, as the bubble in most cases was already floating up against the 
side of the tube, this motion was mostly subdued.  
In the case where there are two transducers in alignment, the focal size of the transducers is reduced 
due to inference in the two beams. This means that while originally the focus of the ultrasound beams 
was much larger than the optical space, when the two transducers are used together, the focal size is 
reduced to a similar magnitude. 
5.5.3. Dual transducer out-of-phase motion  
 
 
Figure 5-10 Summed image portraying motion of bubbles subject to out of phase dual transducer insonation. 
Transducer 1 Transducer 2 
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The motion of the bubble in the out-of-phase acoustic field was along the same line to that of the in-
phase field however, instead of the bubbles moving to the right they moved to the left. Again, this was 
predicted by the simulations. 
5.5.4.  Bubble trapping 
 
Figure 5-11 Images showing the motion of a bubble trapped in the focus of the acoustic field. Motion of the bubbles can be 
judged by the presence of the dirt highlighted in the image. 
Two cases were recorded when the transducers were fired in-phase, where the bubble became trapped 
at the focus of the acoustic field. Whilst in this position, translation of the tube resulted in the bubble 
remained in the same position relative to the microscope objective. This means that the bubble has 
remain in the same position of the acoustic field. This behaviour could not be explained through 
simulations and still remain an important phenomenon to be investigated. Possible explanations include 
more complex acoustic fields forming standing waves through reflections off the tube wall itself, or from 
other surfaces in the water tank. 
5.5.5. Limitations of the experimental setup 
It is important to discuss the limitations that bring difficulties in performing accurate analysis of the 
results. Firstly, as stated in the methods section the two ultrasound transducers were focused on to a 
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small piece of wire and then a microscope objective was aligned with this wire. Assuming that both 
transducers were focused on the same area, given that the size of the focus is roughly 1mm by 1mm and 
the area viewable from the microscope is roughly 200μm by 200μm, it would be difficult truly to say 
which part of the ultrasound focus the microscope is actually looking at. 
Secondly, given the size of the ultrasound focus for each transducer, it is again difficult to align the foci 
of the transducers so that they total cancel each other out or perfectly superimpose each other. 
However, a sufficient amount of repeats for experiments has been carried out to counteract such 
arguments. 
Finally, the focus of the transducers was realigned several times during the experiment, and so unless 
two videos were captured in the same run of samples, it should be assumed that the characteristics of 
the ultrasound field are different. This could explain the different phenomena observed when the 
transducers were fired in phase. 
5.5.6. Secondary Bjerknes forces 
One factor that could have a large effect on the motion of the bubbles other than the effect of the 
ultrasound transducers themselves was the secondary Bjerknes forces from surrounding bubbles. Due to 
the limited optical field of view, it is difficult to rule out any effect of neighbouring bubbles outside the 
field of view.  
In experiments where concentrations of bubbles were relatively high, bubbles were seen to clump due 
to secondary Bjerknes forces. However, after their initial clumping they could be manipulated in the 
same manner as single bubbles. This result suggests that even though secondary Bjerknes forces do add 
some uncertainty to the motion of bubbles initially, the same technique still applies to a significant 
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degree even in high concentrations. More work would be required to investigate its effectiveness in 
these environments.  
5.5.7. Clinical implications 
A method has been presented to control the lateral motion of bubbles given that there are enough of 
them around to interact with each other. This technique could be useful in pushing bubbles towards the 
walls of vessels in order to make sure that both sides of the vessel wall have been evenly coated with 
targeted microbubbles or to prepare areas for drug delivery.  
An improvement could be made to this technique by implementing it on a clinical ultrasound transducer. 
By using the array to create two beams similar to those used in this experiment the exact line at which 
the bubbles should be divided could be chosen by an operator by choosing how far along the array the 
two beams are focused. 
5.6. Conclusion 
The application of a dual transducer array for manipulating microbubbles has been investigated. A 
simulation system was developed and both simulation and experiments were conducted. It has been 
shown that the system is able to move bubbles by radiation force axially and laterally and the 
mechanisms it uses have been investigated. An application for this technique to molecular imaging and 
drug delivery was also discussed.  
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6. Summary and Conclusions 
This project has explored the dynamics of targeted microbubbles, investigating their interactions 
between each other as well as the acoustic field they lie within. Each chapter in this thesis shows a 
different behavioural aspect of microbubbles each key to their application as targeted contrast agents. 
The following sections give a brief summary of each chapter restating the key findings from the work.  
6.1. Non-Spherical Microbubble Oscillations 
This chapter was concerned with the generation of a novel analytical model of surface mode oscillations 
in encapsulated ultrasound contrast agents. Using interfacial transport theory (Edwards et al., 1991), a 
model for non-spherical oscillations in shell free bubbles (Prosperetti, 1977, Hilgenfeldt et al., 1996) was 
extended to include the properties of the shell, including the dilatational and shear viscosities, as well as 
the elastic and shear moduli. One of the drawbacks of this model was the assumption that a 
perturbation in the bubbles shape already existed and so the extent of the bubbles oscillation could only 
be seen through a comparison of bubble stability. Simulations of shell free bubbles and encapsulated 
bubbles were carried out to investigate the differences in the stability of bubbles from 1-6μm in radius 
and with acoustic pressures of 0-500kPa. While the shell free bubbles were found to have broad 
resonant bands, varying between each surface mode, the resonant bands of the encapsulated bubbles 
were discovered to be much narrower and occupy a similar region from mode to mode. This would 
suggest that no one mode dominates the oscillations of encapsulated microbubbles and that a 
combination of modal oscillations is most likely to lead to bubble collapse. 
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6.2. Effect of Ultrasound on Targeted Microbubbles 
This chapter was concerned with optical observation of the effect of an ultrasound field on attached 
targeted microbubbles. The motivation for this work was to gain insight into the dynamics of targeted 
microbubbles after they have become attached to their binding site. A flow phantom was designed and 
video images of targeted microbubbles attached to a streptavidin coated tube were captured while the 
bubbles were insonated with increasing pressure. From the data collected two phenomena were 
identified. Firstly, attached microbubbles were observed to deflate, shrinking in size at greater rates 
with increasing acoustic pressure. More than 50% of observed microbubbles deflated at pressures 
between 300kPa and 375kPa. Secondly, bubbles were found to detach with increasing frequency with 
pressure, with 96% of bubbles detaching at 300kPa to 375kPa, the highest range studied. Three forces 
involved in the detachment process, namely primary and secondary Bjerknes forces and oscillation 
forces were investigated. The oscillations force was found to dominate over the other forces, although 
at pressures between 225kPa and 300kPa bubbles with neighbouring bubbles were found to significantly 
be more susceptible to detachment than those alone. This suggests that secondary Bjerknes forces and 
multiple scattering has a role to play.        
6.3. Dual Transducer Manipulation of Ultrasound Contrast Agents 
This chapter was concerned with the acoustical manipulation of microbubbles in a capillary tube using a 
novel dual transducer system. Simulations of the local primary Bjerknes forces emitted by two 
overlapping single element transducers was carried out using Field II; a ultrasound transducer simulation 
package. In simulations the two transducers were fired in phase and out of phase and the motion of a 
microbubble in the resultant field was calculated. When insonated out of phase, simulations showed a 
one dimensional acoustic manipulator was generated. Next, experimentally two single element 
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ultrasound transducers were focused on the same point in space with the effect of the ultrasound field 
on the microbubbles optically observed and recorded. While experiments confirmed the results of the 
simulations the affect of secondary Bjerknes forces highlighted some limitations in the practicality of the 
system for clinical use. 
6.4. Publications  
The work in this PhD resulted in the following publications: 
Refereed journal papers: 
SENNOGA, C., MAHUE, V., LOUGHRAN, J., CASEY, J., SEDDON, J., TANG, M-X, ECKERSLEY, R.L., 2010, On 
Sizing and Counting of Microbubbles using Optical Microscopy, Ultrasound in Medicine and Biology, 36, 
2093-2096. 
TANG, M-X, LOUGHRAN, J., STRIDE, E., ZHANG, D., ECKERSLEY, R.J., 2011, Effect of Bubble Shell 
Nonlinearity on Ultrasound Nonlinear Propagation through Microbubble Populations, Journal of the 
Acoustic Society of America, 129, EL76-EL82. 
LOUGHRAN, J., ECKERSLEY, R.J., TANG, M-X, 2012, Modelling non-spherical oscillations and stability of 
acoustically driven shelled microbubbles, The Journal of Acoustic Society of America, 131, 4349-4357 
LOUGHRAN, J., SENNOGA, C., ECKERSLEY, R.J., TANG,.M-X, 2012 Effect of ultrasound on adherent 
microbubble contrast agents, Physics in Medicine and Biology, 57, 6999 
Conference preceedings: 
LOUGHRAN, J., SENNOGA, C., ECKERSLEY, R.J., TANG,.M-X, “Motion Correction for Improved 
Identification of Adherent Targeted Microbubbles,” Microbubble Symposium: Fabrication, 
Characterisation and Translational Applications, July 2011, Leeds, UK. 
LOUGHRAN, J., ECKERSLEY, R.J., TANG,.M-X, “Understanding bubbles: Investigations into bubble 
dynamics,” Microbubble Symposium: Fabrication, Characterisation and Translational Applications, July 
2012, Leeds, UK. 
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6.5. Future Work 
6.5.1. Extension of the Non-Spherical Oscillation Model 
Whilst the model presented in chapter 3 provides a neat solution to the prescribed problem, there are 
some key elements of the model that could be improved: 
1. Further validation of the model using results from high speed camera videos of non-spherically 
oscillating bubbles would be essential in assessing the usefulness of the model for applications 
other than microbubble stability. Also high speed camera data would allow a decoupling the 
radial oscillation part of the equations and the non-spherical oscillation model, by being able to 
feed the non-spherical oscillation model directly with experimental data of radial oscillations. 
This would allow for further optimisation.   
2. Although, the computational efficiency of the model would be greatly affected, implementing 
the model in terms of a FEM model would allow for issues like local changes in surface tension, 
shell viscosity and elasticity to be addressed. This would also allow for the investigation of the 
impact of having a boundary in the vicinity of the bubble on its stability, a topic of particular 
interest when dealing with targeted microbubbles. 
6.5.2. Further Investigation into Detachment Forces 
 The results from chapter 4 suggested that it was the force of the bubbles themselves oscillating which 
caused them to become detached from their boundary. However further investigation would be 
required in order to draw a concrete conclusion on this matter. One way of solving this problem would 
be to remove any chance of Bjerknes forces detaching bound bubbles by orientating the ultrasound 
transducer such that the directing of the acoustic radiation force would be pushing the bubble toward 
the boundary that it is bound to. Given the complexities of the experimental setup this would also 
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require making sure there are no other neighbouring bubbles around to make sure that secondary 
Bjerknes forces do not play a factor either. The timescales involved in the undertaking of such an 
experiment are great such that it was not feasible to perform this experiment during the period of this 
study, but such an experiment would provide conclusive results.  
6.5.3. Trials of Dual Transducer System 
For further investigation to the effectiveness of the system proposed in chapter 5, first the system 
would need to be implemented using a clinical ultrasound probe for expedience. Although, it should 
provide a similar result to the dual single transducer set up used in the experiments, the clinical scanner 
implementation would remove all alignment issues simplifying experiments greatly. This would free the 
system up to be evaluated on targeted flow phantoms more like vessels found in the body to allow for  a 
more in-depth evaluation of its functionality. Simulations of this setup similar to those performed on the 
dual transducer system are needed to be performed both as a means of validation, but in order to gain 
the optimal beamforming in order to maximise the axial forces achievable. 
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